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Localized surface plasmon resonance resulting from the concerted oscillations of 
conduction-band electrons in noble-metal (Au, Ag) nanostructures greatly induces 
enhanced electric (E) fields in confined nanoscale locations, such as on the tips of 
nanorods or in the junctions of nanodimers. These E-field enhanced locations are called 
hot spots. In the vicinity of hot spots, Raman scattering spectra of biochemicals can be 
substantially amplified with an E
4
 dependence due to the E-field enhancement of both the 
incident light and Raman spectra. This is called surface enhanced Raman scattering 
(SERS). SERS is known for its high sensitivity in providing fingerprint vibrational 
information of molecules. It has triggered intense interest because of its potential 
applications for label-free and multiplex biochemical detection relevant to medical, 
environmental and defense purposes. However, the tremendous potential of SERS for 
ultrasensitive detection has still not materialized because of four major obstacles: (1) it is 
extremely difficult to obtain a large number of hotspots for sensitive and reproducible 
detection due to the stringent requirement of hot spots of only a few nanometers; (2) it is 
arduous to achieve ultrasensitivity for the detection of a single/few molecules; (3) it is 
challenging to assemble the hot-spots at designated positions for location predicable 
 vii 
sensing; and (4) it is even more difficult to change the state-of-the-art static/passive 
sensing schemes into dynamic/robotized schemes and also to incorporate multi-
functionality into a single SERS nanostructure.  
In this research, we addressed the aforementioned problems by rational design, 
fabrication and robotization of ultrasensitive SERS nanomotor sensors. A nanomotor 
sensor consists of a tri-layer structure with a three-segment Ag/Ni/Ag nanorod as the 
core, a thin layer of silica in the center, and uniformly distributed Ag nanoparticles as the 
outer layer. The inner metallic nanorod core is the key structure in realizing the concept 
of the robotization of nanosensors, which can be electrically polarized and thus 
efficiently manipulated by electric tweezers. The presence of the Ni segment in the 
metallic nanowire core also allows manipulation and assembling by magnetic 
interactions. The central silica layer provides a supporting substrate for the synthesis of 
the Ag nanoparticles and separates the Ag nanoparticles from the metallic nanorod core 
to eliminate the effect of plasmonic quenching. Finally, the outermost layer made of Ag 
nanoparticles with optimized sizes and junctions provides a large number of hot spots 
(~1200/µm
2
) for ultrasensitive SERS detection with single molecule sensitivity and an 
enhancement factor (EF) of 1.1×10
10
. Moreover, two additional SERS enhancement 
mechanisms were investigated, i.e., the optical management with nanophotonic devices 
and the near field effect, which can readily increase the EF by 10 and 2 times, 
respectively, to at least 10
11
. 
Finally, three applications of the SERS nanomotor sensors have been 
demonstrated: (1) the ultrasensitive SERS nanomotors were transported and assembled 
into a 3×3 array for location predicable sensing of multiplex molecules; (2)  
ultrasensitive SERS nanomotors were transported to individual living cells amidst many 
 viii 
cells for single-cell bioanalysis; and (3) the SERS nanomotor sensors can be controlled to 
rotate by the electric tweezers for tunable biochemical release and detection. 
 This research, exploring robotized nanosensors by integrating SERS and NEMS, 
is innovative in both material design and device concept, which could inspire a new 
device scheme for various bio-relevant applications.  
 
 ix 
Table of Contents 
List of Tables ......................................................................................................... xi 
List of Figures ....................................................................................................... xii 
List of Illustrations .................................................................................................xx 
Chapter 1: Introduction ............................................................................................1 
1.1 Physics of Raman Scattering ....................................................................1 
1.2 Discovery and history of surface enhanced Raman scattering .................2 
1.3 SERS enhancement mechanisms ..............................................................4 
1.3.1 Electromagnetic enhancement ......................................................4 
1.3.2 Chemical enhancement .................................................................6 
Chapter 2: State-of-the-art SERS substrates  ..........................................................8 
2.1 Wet chemistry synthesis ...........................................................................9 
2.2 Top down lithograpy methods ................................................................10 
2.3 Other advanced methods .........................................................................11 
Chapter 3: Design and fabrication of longitudinal SERS nanosensors............…..13 
3.1 Background .............................................................................................13 
3.2 Design of the nanosensors ......................................................................13 
3.3 Fabrication ..............................................................................................15 
3.3.1 Estimation of particle and junction sizes ....................................17 
3.4 SERS characterization ............................................................................20 
3.4.1 SERS characterization ................................................................20 
3.4.2 Estimation of SERS enhancement factor ....................................22 
3.4.3 SERS mapping ............................................................................24 
3.4.4 Single-molecule sensing .............................................................26 
3.5 Simulation and optimization of SERS enhancement ..............................28 
3.5.1 Optimization of the particle and junction sizes of Ag nanoparticles
.....................................................................................................28 
3.5.2 Plasmonic simulation and discussion..........................................32 
 x 
Chapter 4: Mechanisms for further SERS enhancement .......................................36 
4.1 Management of light via nanophotonic gratings ....................................36 
4.2 Near-field enhancement ..........................................................................48 
4.2.1 Experimental results....................................................................49 
4.2.2 Simulation and discussion...........................................................54 
Chapter 5: Robotization of SERS nanosensors ......................................................59 
5.1 Introduction .............................................................................................59 
5.2 Electric tweezers .....................................................................................59 
5.2.1 Orientation controlled transportation ..........................................61 
5.2.2 Controlled Rotation .....................................................................64 
5.3 Magnetic field manipulation ...................................................................65 
Chapter 6: Applications of robotized SERS nanosensors ......................................68 
6.1 Location predicable biosensing...............................................................68 
6.2 Live cell bioanalysis ...............................................................................72 
6.3 Controlled bio-chemical release .............................................................74 
Chapter 7: Conclusion............................................................................................91 
Appendix A: List of publications ...........................................................................92 
Appendix B: List of conference presentations .......................................................94 
References ..............................................................................................................96 
 xi 
List of Tables 
Table 3.1: Summary of particle size, particle density, average hotspot/junction size 
(<2 nm) and density, and SERS intensity for different samples.  ....32 
Table 4.1: Simulation parameters for plasmonic magnetic nanotubes (D is particle 
size).  ................................................................................................55 
Table 4.2: Comparison of nanocapsule sensors with single- and double-side coated 
Ag NPs  ............................................................................................58 
 
 
 
 xii 
List of Figures 
Figure 1.1: Diagram of energy band of Raman scattering. ......................................1 
Figure 1.2:  (a) Illustration of the localized surface plasmon resonance. (b) 
Extinction coefficient (ratio of cross-section to effective area) of a 
spherical silver nanoparticle of 35-nm in radius in vacuum. |E|
2
 contours 
for a wavelength corresponding to the plasmon extinction maximum. 
Peak |E|
2
/|E0|
2
 = 85. .............................................................................5 
Figure 1.3: Typical diagram of energy band of a molecule adsorbed on a metal 
surface. The occupied and unoccupied molecular orbitals are broadened 
into resonances by their interactions with the metal states; orbital 
occupancy is determined by the Fermi energy. Possible charge transfer 
excitations are shown.  .......................................................................7 
Figure 2.1: Progress on developing suitable SERS substrates.  ..............................8 
 xiii 
Figure 2.2: (a) Synthesis process of nano-matryoshkas. (b) Schematic drawings of the 
polygonal assemblies made by the nanoimprint method; and the 
corresponding normalized intensity of the Raman signal at 1600 cm
-1
 
measured for 633, 785, and 1064 nm incident radiation. (c) Confocal 
Raman microscopy images of gapped nanowire structures functionalized 
with methylene blue. (A-C) Two-dimensional Raman images. D (A), E 
(B), and F (C). (D-F) Three-dimensional Raman images. A Inset, B 
Inset, and C Inset are schematic representations of the structures being 
imaged. Peak intensities are in arbitrary units. (d) Effect of size and 
shape on LSPR extinction spectrum for silver nanoprisms and nanodiscs 
formed by nanosphere lithography. The high-frequency signal on the 
spectra is an interference pattern from the reflection at the front and back 
surfaces of the mica.  .......................................................................12 
Figure 3.1: Color enhanced SEM images of tri-layer nanocapsules at (a) low and (b) 
high magnification. (c) The contrast enhanced image of (b). (d-e) TEM 
images of a typical nanocapsule show a fairly uniform distribution of Ag 
NPs. (f) Arrays of junctions of the Ag NPs <2 nm ...........................16 
Figure 3.2 Characterization of size distribution of NPs. (a) Enhanced SEM images 
from Figure 4.1(b-c), where the region in the red dotted square is 
magnified to show the characterization in (b).  ................................19 
Figure 3.3: (a) Size distributions of Ag NPs. (b) Estimation of junction size 
distribution and (c) junction/hotspot density by taking different cut-off 
junction sizes. Measurements are based on the rectangle highlighted 
region (0.07 µm
2
) from figure 4.2a ...................................................19 
Figure 3.4: Optical absorption of the tri-layer nanocapsules .................................21 
 xiv 
Figure 3.5: (a) SERS characterization of BPE from 1 pM to 1 µM shows clear SERS 
spectra; (b) SERS intensity increases with BPE concentrations .......21 
Figure 3.6 Raman mapping profile of 1 µM R6G dispersed on a tri-layer nanocapsule 
shows uniform SERS intensity on the entire surface of the nanocapsules. 
(1655 cm
-1
, scan step 250 nm, integration time 0.5s) and SERS intensity 
distribution along the nanocapsule....................................................26 
Figure 3.7 (a) Variation of SERS spectra of R6G molecules in a 100-sec time frame 
with 1-sec integration for each spectrum. (b) Intensity of SERS at 1655 
cm
-1
 as a function of time  ................................................................27 
Figure 3.8: SEM images of samples fabricated at different conditions. Sample 0.2× to 
sample 12×  ......................................................................................29 
Figure 3.9: Particle size and density distribution of Ag NPs of different samples.30 
Figure 3.10 (a) Particle size and average hotspot size (< 2 nm) of different samples. 
(b)  Particle density and hotspot/junction density (< 2 nm) of samples 
fabricated at different conditions (c) SERS spectra of 1 mM of BPE 
taken from nanotubes fabricated at various conditions, (d) SERS 
intensity of nanotubes fabricated at different conditions.  ...............31 
Figure 3.11: Simulation results for Ag NPs of 20 nm in diameter and junction (if any)  
of 3 nm: (a)  a single Ag NP; (b)  a dimer of Ag NPs and (c)  a 4×4 
Ag NP array. The E-field enhancement is the highest in the 4×4 Ag NP 
array and lowest in a single Ag NP  .................................................33 
Figure 3.12 (a) The E-field EF increases with decreament of the junctions (with fixed 
particle size of 25 nm), (b) The E-field EF reaches the maximum value 
when the particle size is between 30 and 40 nm with a fixed junction of 
1 nm.  ...............................................................................................34 
 xv 
Figure 4.1: Schematic of the proposed GMR grating and the simulated TM mode 
electric field distribution at the 532 nm resonant wavelength  ........38 
Figure 4.2: Electric field enhancement of different SERS substrate at the wavelength 
range from 500-600 nm  ...................................................................40 
Figure 4.3: Total Raman signals and peak electric field in the gap as a function of the 
number of the nanoparticle  .............................................................42 
Figure 4.4: (a) SEM image of the plasmonic-active SiO2 nanotubes with densely 
assembled silver nanoparticles. (b) SEM picture of the Si 3N 4 GMR 
grating  .............................................................................................44 
Figure 4.5: Measured 5 mM R6G Raman spectrum from the flat Si3N4 substrate and 
from the Si3N4 GMR grating (no plasmonic nanotubes for both cases) 
...........................................................................................................45 
Figure 4.6: Measured 1 μM R6G Raman spectrum from the silica nanotube on the flat 
Si3N4 substrate and from the silica nanotube on the GMR grating. 47 
Figure 4.7: Scanning Electron Microscopy images of (a) multisegment Ag/Ni/Ag 
nanowires, (b) silica nanotubes embedded with Ni nanomagnets, (c) 
silica nanotubes with Ni segments and surface-coated Ag NPs, (d) cross-
sectional images of nanotubes obtained by FIB milling show the 
nanotubes are hollow with Ag NPs on both the inner and outer surfaces 
...........................................................................................................51 
Figure 4.8 (a) EDS shows the ends of the nanotubes consist of Ag and silica. (b) EDS 
shows the center part of nanotubes consist of Ni, Ag and silica.......52 
Figure 4.9: (a) Ni embedded and (b) Pt embedded hollow nanotubes  .................53 
 xvi 
Figure 4.10: (a-d) Simulation results show the cross sectional views of the optical 
induced electric field enhancement of the four devices as listed in Table 
4.1......................................................................................................57 
Figure 5.1: AC and DC configurations on quadruple electrodes for the manipulation 
of nanocapsules. The nanocapsules are aligned in the direction of AC E 
field and transported in the direction of the DC E field. Nanocapsules 
were transported with controlled speed and orientation using the 
"electric tweezers", (a) parallel (AC//DC) and (b) perpendicular 
(AC⊥ DC) to their own alignment directions as shown in the overlapped 
optical images. Transporting speed is linearly proportional to the applied 
DC voltage  ......................................................................................62 
 Figure 5.2: (a) A SEM image of a hollow plasmonic nanotube; (b) hollow nanotubes 
being transported by a DC E field; however, the orientations of the 
nanotubes could not be controlled by the AC E field due to the weak 
polarization and low alignment torques of the insulating silica nanotubes 
in an AC E field. For example, when AC//DC, the nanotubes cannot be 
aligned parallel to the moving direction  .........................................63 
Figure 5.3: (a-b) Four 90° phase-shifted AC voltages applied on a quadruple 
microelectrode for rotation of nanowires.  .......................................64 
Figure 5.4: Magnetic anisotropy can be readily tuned by the aspect ratio of magnetic 
Ni embedment as shown in the hysteresis loops for Ni with (a) high and 
(b) low aspect ratios, respectively. The overlapped images show 
nanotubes transported parallel or perpendicular to the magnetic field due 
to their unique anisotropies. The speed of nanotubes is 5-7 µm/sec. ...
...........................................................................................................67 
 xvii 
 
Figure 6.1: Nanocapsules can be precisely transported and assembled on the 
nanomagnets with electric tweezers. (a) A 3×3 array of nanomagnets 
fabricated using E -beam lithography. With combined AC and DC E 
fields applied in both X and Y directions, nanocapsules were transported 
along prescribed trajectories such as “stairs” with (b) parallel and (c) 
transverse orientations. (d, e) Overlapped snapshots show the 
assembling process of a nanocapsule, where the nanomagnets were 
highlighted in red. The nanocapsules can be maneuvered and positioned 
at designated positions, showing the high flexibility and precision of the 
assembling. (f) An assembled 3×3 nanocapsules array. The bright 
nanomagnets are in the center of the nanocapsules, indicating that the 
attachment is due to the magnetic attraction between the Ni segments in 
the center of the nanocapsules and the magnetic layers in the patterned 
magnets. All the images were taken by reflective optical imaging….. 
...........................................................................................................71 
Figure 6.2: From assembled nanocapsules, we have detected various chemicals 
including R6G, methylene blue, and BPE.  .....................................72 
Figure 6.3: (a, b) Transport a nanotube to a single CHO cell amidst many. (c) SERS 
spectrum from the CHO cell membrane is dominated by lipid 
contribution, and a few peaks can be assigned to protein (blue bar)….. 
...........................................................................................................74 
 
 xviii 
Figure 6.4: (a) Schematic diagram of a rotating nanomotor releasing molecules. (b) 
Scanning electron microscopy (SEM) images of plasmonic nanorods 
made of a three layer structure with a Au-Ni-Au nanowire as the core, a 
silica coating, and a dense layer of Ag nanoparticles on the outer surface 
of silica, (c) a higher magnification SEM image shows the dense Ag 
nanoparticles grown on the silica. (d) Raman mapping of 1 µM R6G 
dispersed on a plasmonic nanorod showing essentially uniform SERS 
intensity on the surface of the nanorod.  ..........................................77 
Figure 6.5: (a-e) Raman intensity (ISERS) as a function of the concentration of NB 
(532 nm/632.8 nm laser exciation) and R6G (632 nm excitation). (f) 
Time dependent detection of NB molecules (50 nM) adsorbing on a 
plasmonic nanorod.  .........................................................................79 
Figure 6.6: (a) The transport speed of the plasmonic nanorod increases with the 
applied DC voltages. (b, c) The rotation speed of nanomotors increases 
linearly with V
2
 (20 kHz), (d) and depends on the applied AC frequency 
(15 V). (e) Snapshots (every 1/6 second) of a rotating nanomotor 
functionalized with NB imaged in the Raman mode. Note that the 
objective of the inverted microscope is underneath the rotating 
nanomotor. Thus the Raman image of the middle of the plasmonic 
nanorotor was blocked by the magnetic bearing. (Scale bar: 10 µm)  
...........................................................................................................83 
 
 xix 
Figure 6.7: Tunable release of biochemical by the mechanical rotation of nanomotors. 
(a) concentration of NB versus time at different rotation speeds. Inset: 
the release rate monotonically increases with the rotation speed with a 
power-law dependence of 0.51. (b) Representative Raman spectra of 
R6G every 1 min at each rotation speed. (c) Tunable release of bi-
analytes (NB and R6G) by the rotation speed. (d) Representative Raman 
spectra showing both analytes at different rotation speed every 1 min. (e) 
The release rates of both analytes of NB and R6G monotonically 
increase with the rotation speed with a power-law dependence of 0.52 
and 0.53, respectively. (f) Schematic diagram of the model of the 
diffusion boundary layer next to the surface of the nanomotors. (Blue 
spheres: biochemical molecules; white spheres: Ag NPs)  ..............85 
Figure 6.8: The release rate (k) remains as a constant (0.002 /sec) when the AC E-
field was switched “on” and “off” alternatively.  ............................88 
 
 xx 
List of Illustrations 
Scheme 3.1: Structure of a tri-layer nanocapsule. .................................................15 
Scheme 3.2: Synthesis process of nanocapsules. ...................................................16 
Scheme 4.1: Schematics of the fabrication process of the PM nanotubes. (a) 
Electrodeposition of Ag/Ni/Ag nanowires. (b) Silica shells coating. (b) 
Etching of Ag segment to get hollow nanotubes with solid Ni 
embedment. (d) Synthesis of Ag NPs on both the inner and outer 
surfaces of nanotubes. (Inserts are cross-section view of (i) the hollow 
segment and (ii) the Ni embedded segment of the PM nanotubes.)…50 
Scheme 6.1: With the electric tweezers, nanocapsules can be transported and 
assembled onto a pre-patterned array of nanomagnets by utilizing the 
magnetic attraction force between the Ni segments in the nanocapsules 
and the magnetic layers inside the nanomagnets. .............................69 
 
 
 
 
 
 1 
Chapter 1: Introduction* 
1.1 PHYSICS OF RAMAN SCATTERING 
When light shines on atoms or molecules, most photons are elastically scattered, 
which means that the scattered photons have the same frequency as the incident light, i.e., 
ν incident = ν scattered. This phenomenon is called elastic Rayleigh scattering. However, as 
discovered by the Nobel Prize laureate, Dr. Venkata Raman, there is a small fraction of 
light that undergoes inelastic scattering (~1/1,000,000 or less), which gains or loses 
energy due to the absorption or release of quantized vibrational or rotational molecular 
modes as shown in Figure 1.1. This effect is the so-called Raman scattering.  
 
Figure 1.1: Diagram of energy band of Raman scattering.  
                                                          
* Portions of this chapter have been previously submitted to X. Xu, K. Kim and D. L. Fan, ASME-Journal of 
Nanotechnology in Engineering and Medicine, submitted (2014) 
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1.2 DISCOVERY AND HISTORY OF SURFACE ENHANCED RAMAN SCATTERING 
It has been over 40 years since Fleischmann et al. first observed the substantially 
enhanced Raman scattering spectra of sub-monolayer pyridine molecules on 
electrochemically roughened silver (Ag) electrodes in 1973
1
. Four years later, two 
research groups independently reported that increased concentrations of the molecular 
species could not be the cause of the enhancement of Raman scattering. Jeanmaire and 
Van Duyne farsightedly proposed that the enhancement is due to the strengthened 
localized electric fields in closely positioned Ag nanoparticles, the so-called hot spots
2
, 
while Albrecht and Creighton suggested that the enhancement is the result of charge 
transfer between plasmonic nanoparticles and analyte chemicals
3
. Today, both theories 
are widely accepted and this phenomenon is known as surface enhanced Raman 
scattering (SERS). 
Early investigations of SERS were largely focused on phenomena occurring on 
electrochemically roughened Ag substrates. However, electrochemically roughened Ag 
substrates cannot provide the substantial SERS enhancement factor (EF) that is necessary 
for single-molecule detection. Until recently, the design and synthesis of SERS substrates 
has been remarkably improved, largely due to vigorous advances in micro- and 
nanofabrication. An EF of ~10
10
 has been reported, which can readily detect single 
molecules of various species.
4,5
 Additionally, because of the advantages in detecting 
molecules in a label-free and multiplex manner, SERS was applied to the detection of 
various bio-relevant species, such as DNA/genes
6-9
, anthrax
10,11
, chemical warfare 
 3 
stimulants
12
, and glucose levels in patients
13-19
. SERS has also been used to explore 
environmental protection issues, the study of chemical catalysis,
20,21
 and for the detection 
of explosive agents for defense purposes.  
However, the practical applications of SERS for biochemical detection remain 
extremely challenging because: (1) it is difficult to create a large number of hotspots; (2) 
it is arduous to obtain ultrahigh sensitivity for the detection of a broad spectrum of 
species; (3) it is even more challenging to realize location predicable sensing for rapid 
detection; and (4) most of the state-of-the-art sensors function in a passive and static 
fashion. Robotization of the SERS sensors for active and dynamic sensing is in dire need 
for biological applications. 
In this research, we addressed the aforementioned issues by the rational design, 
fabrication and robotization of ultrasensitive SERS nanomotor sensors. A nanomotor 
sensor consists of a tri-layer structure with a three-segment Ag/Ni/Ag nanorod as the core, 
a thin layer of silica in the center, and uniformly distributed Ag nanoparticles as the outer 
layer. The inner metallic nanorod core is the key structure in realizing the concept of 
robotization of nanosensors, which can be electrically polarized and thus efficiently 
manipulated by electric tweezers. The presence of the Ni segment in the metallic 
nanowire core also allows manipulation and assembling by magnetic interactions. The 
central silica layer provides a supporting substrate for the synthesis of the Ag 
nanoparticles and separates the Ag nanoparticles from the metallic nanorod core to 
eliminate the effect of plasmonic quenching. Finally, the outermost layer made of Ag 
 4 
nanoparticles with optimized sizes and junctions provides a large number of hot spots 
(~1200/µm
2
) for ultrasensitive SERS detection with single molecule sensitivity and an EF 
of 1.1×10
10
. Moreover, two additional SERS enhancement mechanisms were investigated, 
namely, the optical management with nanophotonic devices and the near field effect, 
which can readily increase the EF by 10 and 2 times, respectively, to at least 10
11
.  
1.3 SERS ENHANCEMENT MECHANISMS 
SERS enhancement can be attributed to two mechanisms: electromagnetic and 
chemical enhancements. It is critical to understand both enhancement mechanisms to 
design and fabricate optimized SERS substrates. 
1.3.1 Electromagnetic enhancement  
The mechanism of electromagnetic enhancement dominates most SERS studies. 
A localized surface plasmon occurs when an electromagnetic wave interacts with metal 
nanoparticles, where the conduction-band electrons in the metal nanoparticle collectively 
oscillate due to the incident light. As a result, greatly enhanced electric fields can be 
found in the vicinity of the nanoparticles [Figure 1.2]. SERS uses this large local field to 
boost Raman scattering signals of molecules at or close to the surface. For molecules in 
the vicinity of nanoparticles, the single molecule enhancement factor (SMEF) due to 
SERS can be expressed as
22
:  
 
2
2
2
2
)()(
)()(
Inc
RLoc
Inc
LLoc
RRadLLoc
E
E
E
E
MMSMEF

 
          (1)                     
where MLoc is the local field intensity enhancement, MRad is the radiation enhancement 
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factor, and ωL and ωR are the resonant angular velocities of the local field Eloc and 
radiation field Erad, respectively. In many cases, the Raman shift is small and one can 
make the additional approximation that ωL=ωR, which leads to the famous expression of 
the SERS enhancement in the 
4
E
-approximation as 
4
4
)(
Inc
LLoc
E
E
SMEF


. 
The meaning of this result is very straightforward; if the electric field can be 
increased by one order of magnitude, then the SMEF will be increased by four orders of 
magnitude. Therefore, enhancing the localized electric field is the most effective 
approach for increasing the sensitivity of SERS.  
 
Figure 1.2:  (a) Illustration of a localized surface plasmon resonance. (b) Extinction coefficient 
(ratio of cross-section to effective area) of a spherical silver nanoparticle of 35 nm 
in radius in vacuum. |E|
2
 contours for a wavelength corresponding to the plasmon 
extinction maximum. Peak |E|
2
/|E0|
2
 = 85.
23
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1.3.2 Chemical enhancement  
The electromagnetic enhancement mechanism cannot fully explain the observed 
magnitude of the SERS enhancement. Experimental evidence shows that there should be 
a second enhancement mechanism that works independently from the electromagnetic 
enhancement mechanism. For instance, CO and N2 molecules differ by a factor of 200 in 
their SERS intensities at the same experimental conditions. Additionally, the 
enhancement of molecular resonances when scanning certain electrochemical potentials 
has been observed.  
These observations can be explained by a resonance Raman mechanism (chemical 
enhancement) in which the new electronic states arising from chemisorption serve as 
resonant intermediate states in Raman scattering. The highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) of the adsorbate are 
symmetrically positioned in the energy band diagram with respect to the Fermi level of 
the metal [Figure 1.3]. In this case, charge-transfer excitations (either from the metal to 
the molecule or vice versa) can occur at approximately half the energy of the intrinsic 
excitation energy of the adsorbate. The magnitude of the chemical enhancement is 
usually 10~100-fold.  
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Figure 1.3: Typical energy band diagram of a molecule adsorbed on a metal surface. The 
highest occupied (HOMO) and lowest unoccupied (LUMO) molecular 
orbitals are broadened into resonances by their interactions with the metal 
states; orbital occupancy is determined by the Fermi energy. Possible charge 
transfer excitations are shown. 
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Chapter 2: State-of-the-art SERS substrates† 
After decades of research on the fabrication of SERS substrates for ultrahigh 
detection sensitivity [Figure 2.1], four general types of nanostructures have emerged that 
generate large electromagnetic enhancement: (1) atomic rough surfaces, e.g., roughed Ag 
surfaces; (2) nanoparticle aggregations that form nanogaps, e.g., dimers and trimers; (3) 
nanostructures with sharp tips; and (4) designed core-shell nanostructures.
24-26
  
 
Figure 2.1: Progress on developing suitable SERS substrates.
7,27-36 
Thousands of papers have been published on the fabrication of SERS substrates. 
Here, we will briefly review the most commonly employed fabrication methods including 
wet chemical synthesis, lithography fabrication, and other unique methods for SERS 
sensors.  
                                                          
† Portions of this chapter have been previously submitted to X. Xu, K. Kim and D. L. Fan, ASME-Journal of 
Nanotechnology in Engineering and Medicine, submitted (2014) 
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2.1 WET CHEMICAL SYNTHESIS 
The wet chemical synthesis approach, such as hydrothermal fabrication, has been 
broadly adopted for the large-scale efficient growth of monodispersed plasmonic 
nanoparticles. The size and shape of the plasmonic nanocrystals can be precisely 
controlled by the temperature, concentration and stoichiometry of the reagents, 
surfactants or additives. However, most of the as-synthesized nanoparticles are dispersed 
uniformly in suspension without controlled aggregations, while pairs of nanoparticles 
with narrow junctions can provide much stronger localized surface plasmon resonance 
(LSPR). Previously, a salt solution was added during the drying process of nanoparticles, 
which assisted in the compact aggregation of colloidal plasmonic nanoparticles to create 
nano-junctions between neighboring particles. Although SERS EFs as high as 10
12
 to 
10
14
 were reported,
4,5,37
 the control of the junctions of nanoparticles (i.e., hotspots) is 
entirely random in EF enhancement, quantity, and location.
38
 To obtain desired 
dimer/trimer/small aggregate structures, transparent silica or polymers were used to 
enclose two or more plasmonic nanoparticles in individual capsules.
39-41
 Nevertheless, the 
quantity of nanoparticles in each capsule remains uncontrollable.  
With proper design, the wet chemistry method can also be used to fabricate more 
complex nanostructures, such as Au/Ag nanoshells. Instead of obtaining tiny hotspots 
from nanoparticle aggregates, which only exist in the nanogaps, Au nanoshells hotspots 
were synthesized with better control. The fabrication process of Au nanoshells includes 
the growth of monodisperse silica layers on Au seeds (1–2 nm), followed by the synthesis 
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of another Au layer to fully cover the silica surface.
42
 Ag nanoshells can be obtained in a 
similar manner.
43
 Note that the plasmon resonant frequency of a nanoshell can be tuned 
from the visible to the infrared region of the electromagnetic spectrum by controlling the 
dimensions of the core and shell
42-44
, respectively, which gives rise to an array of useful 
applications
8,45,46
. Recently, more complex and biocompatible structures (e.g., 
nanomatryoshka) were synthesized and applied to biomedical research [Figure 2.2a].
47
  
2.2 TOP-DOWN LITHOGRAPHY METHODS 
Lithographical techniques, such as photolithography and electron beam 
lithography (EBL), are broadly utilized in the semiconductor industry. Among all the 
lithography techniques available, the state-of-the-art EBL technique can synthesize 
ultrafine plasmonic nanostructures,
28
 though it is costly. In 1996, the nanoimprint 
lithography technique developed by Chou et al.
48
 emerged as an economical alternative 
to EBL for the mass production of nanostrctures [Figure 2.2b]. For instance, Li et al. have 
successfully created ordered arrays of gold-capped polymer nanofingers over a large area 
by nanoimprint lithography.
49,50
 Controlled numbers of nanofingers can be readily fit 
together by the action of surface tension from solvent evaporation. In this approach, 
hotspots were created in the junctions with an EF of ~ 10
11
.
49
 
50
 Based on a similar 
concept, Schmidt et al. economically created hotspots in assembled silver-capped Si 
nanopillars via maskless reactive ion etching.
51
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2.3 OTHER ADVANCED METHODS 
Many other unique methods have been developed to synthesize reproducible 
SERS substrates. The recent breakthrough of on-wire lithography
32,33,35,52-54
 (OWL) 
[Figure 2.2c] demonstrated the capability to control gap size of metallic nanodisk/rod 
pairs to a few nm and single-molecule sensitivity for various biochemicals, such as 
methylene blue,
55
 p-mercaptoaniline,
56
 and Cy-3-labeled DNA,
57
 has been reported. 
Other methods, including nanosphere/colloidal lithography
29,58
 [Figure 2.2d], and porous 
template-assisted deposition
36
 were explored for sensitive and location-predictable SERS 
sensing.  
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Figure 2.2: (a) Synthetic process of nanomatryoshkas. (b) Schematic drawings of the 
polygonal assemblies made by the nanoimprint method, and the 
corresponding normalized intensity of the Raman signal at 1600 cm
-1
 
measured for 633, 785, and 1064 nm incident radiation. (c) Confocal Raman 
microscopy images of gapped nanowire structures functionalized with 
methylene blue. (A–C) Two-dimensional Raman images. D (A), E (B), and 
F (C). (D–F) Three-dimensional Raman images. A Inset, B Inset, and C 
Inset are schematic representations of the structures being imaged. Peak 
intensities are in arbitrary units. (d) Effect of size and shape on LSPR 
extinction spectrum for silver nanoprisms and nanodiscs formed by 
nanosphere lithography. The high-frequency signal on the spectra is an 
interference pattern from the reflection at the front and back surfaces of the 
mica. 
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Chapter 3: Design and fabrication of longitudinal SERS 
nanosensors‡ 
3.1 BACKGROUND 
The practical application of SERS for ultrasensitive biochemical detection 
remains challenging for two primary reasons. First, it is difficult to create a large number 
of hotspots with controlled junctions at a low cost for sensitive and relatively 
reproducible detection
59
. Second, it is even more difficult to flexibly assemble the 
hotspots at specific positions for location predicable sensing.  
Previous research in biochemical detection with SERS spectroscopy utilized  
aggregates of colloidal plasmonic nanoparticles, where the hotspots are, by nature, 
random in dimensions, quantity, and location.
38
 The applications of OWL are still limited 
by the low density of hot spots. Other methods, including E-beam lithography,
28
 
nanosphere/colloidal lithography
29
, and porous template-assisted deposition
36
 were 
explored for sensitive and location-predictable SERS sensing. However, creating a large 
number of strong hotspots remains challenging due to the difficulty in controlling the gap 
size to only a few nanometers.  
                                                          
‡ Portions of this chapter have been previously published in X. Xu, K. Kim, H. Li, D. L. Fan, Advanced 
Materials, 24, 5516 (2012); X. Xu, H. Li, D. Hasan, R. Ruoff, A. X. Wang and D. L. Fan, Advanced Functional 
Materials, 23. 4332 (2013) 
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3.2 DESIGN OF THE NANOSENSORS 
In this work, we address the aforementioned issues by economically synthesizing 
SERS nanocapsules and flexibly assembling them into designed arrays via electric fields 
for ultrasensitive and location-predictable biochemical sensing. A plasmonic nanocapsule 
consists of a tri-layer structure with a three-segment Ag/Ni/Ag nanorod as the core, a thin 
layer of silica as the capsulating layer, and uniformly distributed Ag NPs on the silica as 
the hotspot layer (Scheme 3.1). Each layer in these nanocapsules serves a specific 
purpose.  
The inner metallic nanorod cores can be electrically polarized and thus 
manipulated by electric tweezers
60-65
 based on combined AC and DC electric fields. The 
embedded Ni magnets in the nanorods assist the assembly of the nanocapsules onto 
patterned nanomagnets at designated locations. (Note that the electric tweezers will be 
discussed in Chapter 5.) The central silica layer provides a supporting substrate for the 
synthesis of the Ag NP arrays, which also effectively separates the plasmonic Ag NPs 
from the metallic nanorod cores to eliminate plasmonic quenching. Finally, the outermost 
layer, which is composed of Ag NPs with optimized sizes and junctions, provides a large 
number of hot spots (~1200/µm
2
) for ultrasensitive detection.  
In Chapters 5 and 6, we will discuss how to transport and assemble such 
nanocapsules into ordered arrays using our recent nano-manipulation invention, the so-
called “electric tweezers”. A prototype of a 3×3 nanocapsule sensor array has 
demonstrated the ability to successfully detect various biochemicals. Such Raman 
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nanosensors are designed and fabricated to remove the obstacles that have hitherto 
hindered the broad application of SERS and may inspire new designs of Raman 
nanosensors. 
 
Scheme 3.1: Structure of a tri-layer nanocapsule. 
3.3 FABRICATION 
The fabrication of nanocapsules follows the steps outlined in Scheme 3.2. We 
began with the synthesis of multi-segment Ag/Ni/Ag nanorods (300 nm in diameter, LAg= 
2.5 μm, LNi= 1 μm) by electrodeposition in nanoporous anodized aluminum oxide 
membranes, as described previously.
32,33
 Briefly, a Cu layer that is 500 nm thick was 
sputtered onto the back of the membrane to seal the pores and to serve as the working 
electrode in the three-electrode electrodeposition system. The electrodeposition of the 
nanowires from the working electrode began at the bottom of the nanopores. The amount 
of electric charge passing through the circuit controls the length of the segments of the 
Ag/Ni/Ag nanowires in the membrane. After dissolving the membrane in a 2 M NaOH 
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solution, the nanowires were washed by sonication and centrifuged in ethanol and 
deionized (D.I.) water twice before being re-suspended in D.I. water. 
 
Scheme 3.2: Synthetic process of nanocapsules.  
 
Figure 3.1: Color enhanced SEM images of tri-layer nanocapsules at (a) low and (b) high 
magnification. (c) The contrast enhanced image of (b). (d–e) TEM images of 
a typical nanocapsule show a fairly uniform distribution of Ag NPs. (f) 
Arrays of junctions of the Ag NPs <2 nm.  
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Next, the Ag/Ni/Ag nanorods were coated with 150 nm amorphous silica via 
hydrolysis of tetraethyl orthosilicate.
26,66-68
 Here, the silica layers serve as supporting 
substrates for the synthesis of Ag nanodot arrays. Freshly prepared silver nitrate (AgNO3, 
0.06 M, 400 µl), ammonia (NH3•H2O, 0.12 M, 400 µl), and nanorods (5.7 × 10
8
/ml, 400 
µl) were mixed and stirred for 1 hour to enable the silica to adsorb ample Ag ions before 
polyvinylpyrrolidone (PVP) (in ethanol, 10 ml of 2.5×10
-5
 M) was added. The reactant 
mixture was incubated at 70 °C to allow PVP to reduce ionic Ag into metallic Ag NPs on 
the silica. After 7 hours, arrays of Ag NPs were obtained on the surface of the nanorods 
as shown in Figures 3.1(a) and 3.1(b). By varying the reaction conditions, the average 
particle size can be tuned from 8 nm to 25 nm. 
3.3.1 Estimation of particle and junction sizes.  
Measurements within the rectangular highlighted region of Figure 3.2(a) show the 
average diameter of the NPs was 24.96 nm. Figure 3.2(b) is an enhanced SEM image 
that shows how measurement of the diameter of the nanoparticles was achieved. The size 
distribution of NPs is shown in the histograms in Figure 3.3(a). In total, there were 
approximately 115 particles and 330 junctions in the measured region with an area of 
0.07 µm
2
 (0.16 µm × 0.44 µm). Therefore, the particle density is estimated to be 115/0.07 
µm
2
 = 1642/μm2, and the maximum junction density is estimated to be 330/0.07 μm2 = 
4714/μm2. We find that if the particles have uniform size and are closely packed, then 
each particle should have six neighboring particles, i.e., each particle contributes three 
junctions. In this ideal case, the junction density is 1642/µm
2
×3=4926/µm
2
. 
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Next, we directly measured the junction sizes between Ag NPs. Because SERS 
enhancement drastically increases as the junction size decreases, and because high EF of 
SERS is generally found in junctions of a few nanometers or less, we only measured 
junctions ≤ 5 nm and noted that the measurement uncertainty can be large when the 
junctions have such small values due to the resolution limit of SEM. Additionally, we 
assumed that the junctions have a size of 0.5 nm when the NPs are too close to measure 
accurately. If we consider only junctions of ≤ 5 nm as hotspots for SERS enhancement, 
we obtain a junction size of 2.571.18 nm and a hotspot/junction density of 3714/μm2. If 
we assume that narrow junctions of ≤ 2 nm contribute to the hotspots, we obtained a 
junction size of 1.170.5 nm and a hotspot/junction density of 1200/μm2, as shown in Fig 
3.3(b–c).  
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Figure 3.2 Characterization of the size distribution of NPs. (a) Enhanced SEM images 
from Figure 4.1(b–c), where the region in the red dotted square is magnified 
to show the characterization in (b).  
 
Figure 3.3: (a–b) Size distributions of Ag NPs. (c) Estimation of junction size distribution. 
(d) Junction/hotspot density by selecting different cut-off junction sizes. 
Measurements are based on the highlighted rectangular region (of 0.07 µm
2
) 
in figure 3.2(a). 
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3.4 SERS CHARACTERIZATION 
3.4.1 SERS characterization 
Before characterizing the SERS sensitivity of the nanocapsules, we studied their 
optical absorption to determine the optimal condition for SERS sensing. Here, the 
Ag/Ni/Ag metal cores were removed with the view that most excitation light is absorbed 
by the outermost Ag nanodot layers, with little energy transfer to the metal cores. The 
nanocapsules exhibited an absorption peak at 450 nm due to the collective plasmonic 
resonance of the assembled Ag NPs [Figure 4.4].
69,70
 As the absorption was very sensitive 
to both the size and geometry of the nanoparticles, a broad background was present due 
to the size and shape distribution of the Ag NPs. With available lasers from 532–633 nm, 
a 532 nm laser (random polarized) was chosen as the excitation source for Raman 
scattering measurements because the wavelength of 532 nm is closer to the maximum 
absorption peak. Consequently, the laser energy can be more effectively absorbed by the 
nanocapsules, which results in a high intensity E-field focused at the hot spots and thus 
high EF for SERS detection.  
Nanocapsules were sparsely dispersed in a 3 mm diameter well made of 1 mm 
thick polydimethylsiloxane (PDMS) film. BPE (10 µl in ethanol) with concentrations 
from 1 pM (10
-12
 M) to 1 µM (10
-6
 M) was added to the PDMS well and sealed with a 
cover slip. The nanocapsules were incubated in the BPE solution for 10 min before being 
rinsed with ethanol three times for subsequent SERS detection. A 532 nm laser was used 
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for Raman excitation. Each SERS spectrum was collected from a single focusing spot (~1 
μm) on a nanocapsule and integrated for 5 s at the same conditions.  
The nanocapsules detected Raman spectra of 1,2-bi-(4-pyridyl) ethylene (BPE) 
with a concentration as low as 10
-12 
M (1 pM) [Figure 3.5(b)]. The intensity of the SERS 
at 1644 cm
-1 
increased logarithmically with the concentration of BPE from 1 pM to 1 µM, 
as shown in Figure 3.5.  
 
Figure 3.4: Optical absorption of the tri-layer nanocapsules.  
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Figure 3.5: (a) SERS characterization of BPE from 1 pM to 1 µM shows clear SERS 
spectra. (b) SERS intensity increases with BPE concentration.  
3.4.2 Estimation of SERS enhancement factor. 
We further evaluated the SERS EF of the nanocapsules. The EF of the 
nanocapsules was measured and estimated to be 1.1×10
10
 following a widely used 
method
49,51
.  
Specifically, the SERS EF was calculated by following a commonly used method 
reported elsewhere: 
49,51
 
𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆/𝑁𝑆𝐸𝑅𝑆
𝐼𝑅𝑆/𝑁𝑅𝑆
 ,          
where NSERS is the average number of adsorbed molecules enhanced by the SERS 
substrate in the detection volume, ISERS is the corresponding SERS intensity, NRS is the 
average number of molecules excited without surface enhancement, and IRS is its 
corresponding Raman intensity.  
The values of IRS were obtained from 0.1 M BPE in ethanol. A low laser power of 
35 μW (532 nm) was chosen to avoid intensity saturation and photo-degradation of the 
analyte. The laser was fully focused into the BPE solution via a 50× objective. A Raman 
spectrum with intensity (IRS) of 0.5 counts/second (at 1200 cm
-1
) was obtained.  
NRS is given by NRS=Vscat CBPE NA, where Vscat is the scattering volume of BPE that 
contributes to the measured Raman signal, CBPE is the concentration of BPE (0.1 M), and 
 23 
NA is Avogadro’s number. Vscat is given by Vscat=Aobj Hobj, where Aobj=π (0.5 μm)
2
 is the 
area of the laser spot from the 50× objective and  Hobj is the effective height of the 
detection volume of BPE. Therefore, 𝑁𝑅𝑆 = 𝐴𝑜𝑏𝑗𝐻𝑜𝑏𝑗𝑐𝐵𝑃𝐸𝑁𝐴. We determined Hobj using 
a method reported elsewhere.
71
 Briefly, the measurement was performed by moving a 
silicon <100> wafer via 1 μm increments through the focal plane of  the objective and  
collecting the intensity of the Si Raman signal at 520 cm
-1
 at each point. Hobj =13 μm was 
obtained by integrating the intensity of Raman signal with distance and then dividing by 
the highest measured signal.  Using this method, Vscat was determined to be 10.2 μm
3
.  
Therefore, the total number of molecules (NRS) can be readily known: 
𝑁𝑅𝑆 = 0.1𝑚𝑜𝑙/𝐿 × 10.2𝜇𝑚
3 × 6.02 × 1023𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑚𝑜𝑙 = 6.14 ×
108 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠. 
To determine the value of ISERS, we dispersed nanocapsules on a glass substrate, 
dried them in air, and then incubated them in 1 mM BPE in ethanol for 10 min. The 
nanocapsules were then rinsed with pure ethanol to remove excess molecules and dried in 
air. As the nanocapsules are cylinders that possess curvature (600 nm in diameter), we 
approximated the effective area excited by the laser (spot size 1 µm) to be 1 µm ×0.2 
µm= 0.2 µm
2
. Under the same experimental conditions described above, we obtained a 
value of ISERS of 20000 counts/second (at 1200 cm
-1
). Assuming that molecules residing 
in the 1.6 nm
3
 volume of the 1.170.5 nm narrow junction contribute the most to the 
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measured Raman intensity, where there were approximately 9 molecules/junction for a 
closely packed monolayer of BPE  (3 Å × 6 Å × 10 Å/molecule),
49
 we have   
𝑁𝑆𝐸𝑅𝑆 = 0.2 𝜇𝑚
2 × 1200 ℎ𝑜𝑡𝑠𝑝𝑜𝑡𝑠/𝜇𝑚2 × 9 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/ℎ𝑜𝑡𝑠𝑝𝑜𝑡 =
2160 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠  
Therefore, 
𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆/𝑁𝑆𝐸𝑅𝑆
𝐼𝑅𝑆/𝑁𝑅𝑆
=
20000/2160
0.5/(6.14×108)
= 1.1 × 1010. 
3.4.3 SERS mapping 
Raman mapping of R6G shows that SERS enhancement was fairly uniform on the 
nanocapsules. At a concentration of 1 µM, R6G forms a monolayer on the nanocapsules. 
The functionalization of R6G on nanocapsules follows a procedure that is often used in 
R6G SERS sensing.
72
 Specifically, the nanocapsules were dispersed on a glass substrate 
and dried in air. The nanocapsules were then incubated in a 1 µM R6G ethanol solution 
for 2 hours before being washed with ethanol and dried. The Raman mapping was 
conducted on a single nanocapsule using a confocal 532 nm Raman microscope. The 
laser spot size was approximately 1 µm, with a scanning step of 250 nm and an 
integration time of 0.5 s.  
Different colors in the Raman mapping represent different Raman intensities of 
R6G. The Raman intensity at 1655 cm
-1
 was essentially uniform along the axis of the 
nanocapsules and reduced to zero toward the edges of the nanocapsules due to the 
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deflated laser on the edges [figure 3.6].  An analysis along the nanocapsules shows that 
the variation of the Raman intensity (at 1655 cm
-1
) is within ±9% [figure 3.6]. This low 
variation suggests that the nanocapsules can readily detect the monolayer analyte with 
good reproducibility and predictability over their entire surface. Note that the tolerance of 
detection is actually less than ±9% as the coverage of R6G on the nanocapsules cannot be 
absolutely uniform. Two factors determine this uniformity: (1) the controlled sizes and 
spacing of the Ag NPs, which give relatively low variation of EF among hotspots; and (2) 
the large number of hotspots (of approximately 240) in each detection area [1200 /μm2 
(hot spot density) × 0.2 μm (1/3 of the nanocapsule diameter due to nanocapsule 
curvature)× 1 µm (laser spot size)]. As a result, the SERS effect is uniform along the 
nanocapsules  because of the averaged EF from all the hotspots in each detection 
position. Furthermore, we note that the uniform SERS detection demonstrated on our 
nanocapsules is for monolayer chemicals. With a reduced concentration of the analyte 
(i.e., less than a monolayer), we expect larger variations of SERS along a nanocapsule, 
with the final tolerance being determined by the difference of EF from individual 
hotspots over the entire nanocapsule.  
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Figure 3.6 Raman mapping profile of 1 µM R6G dispersed on a tri-layer nanocapsule 
shows uniform SERS intensity on the entire surface and distribution along 
the nanocapsule (1655 cm
-1
, scan step 250 nm, integration time 0.5 s).  
3.4.4 Single-molecule sensing 
According to bi-analyte and temperature-dependent SERS vibrational pumping 
methods, an EF on the order of 10
7–108 is sufficient for the detection of single molecules 
of various analytes.
73
 For example, a SERS substrate with an EF of 5×10
9
 has detected a 
single BPE molecule.
74
 Therefore, the high EF value found in the nanocapsules in the 
present work suggests their single molecule sensitivity.  
Accordingly, in another experiment, nanocapsules were dispersed on a glass 
substrate and dried in air. They were then incubated in 1 pM R6G for 2 hours before 
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being rinsed with pure ethanol and dried. SERS characterization was performed with a 50 
× objective and the 532 nm laser power was set to 35 μW. SERS spectra were recorded 
with an integration time of 1 s for 100 s. We observed both a strong intensity and 
frequency fluctuation of Raman spectra from extremely low concentrations of R6G (i.e., 
1 pM). These findings are consistent with the single molecule behavior attributed to 
molecular diffusion into and out of hotspots [Figure 3.7], according to previous reports. 
4,38,72,75-79
  
As a result, the SERS characterizations have placed the sensitivity of the 
nanocapsules in the single molecule regime, even though they do not provide definitive 
proof. 
75
 
 
 28 
Figure 3.7 (a) Variation of SERS spectra of R6G molecules in a 100 s time frame with a 
integration time step 1 s for each spectrum. (b) Intensity of SERS at 1655 
cm
-1
 as a function of time. 
3.5 SIMULATION AND OPTIMIZATION OF SERS ENHANCEMENT 
3.5.1 Optimization of the particle and junction sizes of Ag nanoparticles 
The Ag NP sizes and junctions can be optimized for highly sensitive SERS 
detection. With a fixed volume of nanowire suspension (5.7 × 10
8
/ml, 400 µl) and PVP 
(10 ml of 2.5×10
-5
 M in ethanol), we systematically varied the total volume of AgNO3 
(0.06 M) and NH3·H2O (0.12 M) (v:v 1:1) from 20 μl to 1200 μl. Specifically, the 
following samples were obtained: 20 μl (0.2× sample), 600 μl (6× sample), 800 μl (8× 
sample), and 1200 μl (12× sample). The morphologies of the as-synthesized nanotubes 
possess distinct particle and junction sizes (Figure 3.8). The average diameters of the Ag 
NPs increased from 10.22.4 nm (0.2× sample) to 24.86.7 nm (8× sample) with the 
volume of the AgNO3/NH3·H2O solution. The density of Ag NPs reached a maximum for 
the 6× sample (2050/µm
2
). The detailed characterization of these findings is provided in 
figures 3.9–10 and table 3.1. The variation of the particle size may be attributed to a 
dynamic competition between nucleation and crystalline growth of Ag NPs, which has 
been commonly observed in NP growth
80
.  
The highest SERS enhancement was obtained from the 8× sample, which was 
subsequently employed for SERS detection and E-field assembly in this research. Figure 
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3.10(c) shows the SERS spectra of 1 mM BPE adsorbed on nanocapsules from the 0.2×, 
6×, 8× and 12× samples.  
 
Figure 3.8: SEM images of samples 0.2× to 12× fabricated at different conditions. 
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Figure 3.9: Particle size and density distribution of Ag NPs of different samples. 
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Figure 3.10 (a) Particle size and average hotspot size (< 2nm) of different samples. (b)  
Particle density and hotspot/junction density (< 2nm) of samples fabricated 
at different conditions. (c) SERS spectra of 1mM of BPE taken from 
nanotubes fabricated at various conditions. (d) SERS intensity of nanotubes 
fabricated at different conditions.  
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Table 3.1: Summary of particle size, particle density, average hotspot/junction size 
(<2nm) and density, and SERS intensity for different samples. 
Samples 0.2× 6× 8× 12× 
Particle size (nm) 10.22.4 18.74.0 24.86.7 24.76.5 
Density(/μm2) 70 2050 1650 1500 
Junction density (<2nm)(/μm2) 0 280 1200 1000 
Average junction size(<2nm) (nm) N/A 1.40 1.16 1.20 
Normalized SERS Intensity (a.u.) 0 0.25 1 0.68 
 
 3.5.2 Plasmonic simulation and discussion 
It is of interest to understand how the EF depends on the Ag particle and junction 
sizes, as well as how the Ag NPs on the hollow structures can further enhance SERS. For 
this purpose, numerical simulations were conducted and comparisons were made only on 
nanotubes fabricated in the same batch (300 nm in inner diameter and 70 nm in shell 
thickness).  
It is known that the SERS enhancement can be attributed to two factors, namely, 
an E-field enhancement due to the plasmonic resonance of NPs and a chemical 
enhancement due to charge transfer between the molecules and metal particles
81
. The E-
field enhancement can be approximated as
82
 
4
0
4
)(
E
E
EF
L
 , where ωL is the resonant 
angular velocity of the local field E in an external field of E0. Due to the quadruple 
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dependence on the local E field, the E-field enhancement is usually considered to be a 
major contributor to SERS. We used a three-dimensional Finite Difference Time Domain 
(FDTD) method to simulate this effect.  
 
Figure 3.11: Simulation results for Ag NPs of 20 nm in diameter and junction (if any)  
of 3 nm. (a) A single Ag NP. (b) A dimer of Ag NPs. (c) A 4×4 Ag NP array. 
The E-field enhancement is the highest in the 4×4 Ag NP array and lowest 
in a single Ag NP.  
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We simulated the normalized electric field (|E|/|E0|) close to the Ag NPs. The 
excitation wavelength was set at 532 nm with in-plane polarization perpendicular to the 
nanotube surface. To determine the effect of NP junctions on SERS EF, we began with 
simulations for a single particle, a dimer, and finally a 4×4 array (Figure 3.11). The shape 
of the Ag NPs was assumed to be cylindrical with a uniform thickness of 20 nm, and the 
junction was set at 3 nm. A single silver NP provided electric field enhancement of 
|E|/|E0|=2.3; hence, the SERS EF =28 due to the E
4
 dependence. Metal dimers and the 
4×4 array provided |E|/|E0|=8.6 (EFSERS =5470) and |E|/|E0| =9.1 (EFSERS =6857), 
respectively. This simulation confirms that a group of metallic particles on the same 
surface can provide a stronger E-field enhancement than that of single particles or 
dimers.  
 
Figure 3.12 (a) The E-field EF increases with decrement of the junctions (and with a 
fixed particle size of 25 nm). (b) The E-field EF reaches the maximum value 
when the particle size is between 30 and 40 nm with a fixed junction of 1 
nm. 
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Therefore, a group of NPs with controlled distributions should further enhance the 
E field. To determine whether this was the case, we simulated the E-field enhancement as 
a function of junctions of the particle arrays. As plotted in figure 3.12(a), narrower 
junctions between NPs exhibit a strong electric field for an array with Ag NPs of 25 nm 
in diameter. At a fixed junction of 1 nm, the highest electric field enhancement is 
obtained in particle arrays with diameters between 20–50 nm, as shown in figure 3.12(b). 
The simulation results agree remarkably well with previous work, which refer to such 
results as proof of the “extrinsic size effect”83. For NP with larger sizes (>40 nm), the E-
field enhancement diminishes because the plasmonic resonance shifts to longer 
wavelengths. When short wavelength lasers excite such NPs they induce higher-order 
electron cloud distortions of the conduction band electrons and thus degrade the 
plasmonic resonance. For NPs that are less than 25 nm, the scattering of electrons from 
the particle's surface produces a damping term that is inversely proportional to the 
particle diameter. In other words, more optical energy is converted to heat instead of 
being scattered to give local electric field enhancement. As a result, by comparing the 
electric fields among NPs with different diameters and junctions, we have optimized the 
design of the Ag NPs. The result of our simulations readily explains our experimental 
observation; that is, among all the samples, the 8× samples with the largest diameters 
(24.86.7 nm) and smallest gaps (~ 1.16 nm) offered the highest SERS EF.  
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Chapter 4: Mechanisms for further SERS enhancement§ 
4.1 MANAGEMENT OF LIGHT VIA NANOPHOTONIC GRATINGS 
Surface enhanced Raman scattering
3,84
 has demonstrated single-molecule 
detection capability
85-87
  and has been investigated intensively
88-91
  because of its 
widespread potential in chemical and medical applications. Although a peak 
enhancement factor as large as 10
14
 can be generated from the random “hot spots” that 
are created on metallic nanoentities,
87
  the density of such “hot spots” is extremely low, 
which this makes the single-molecule detection event unpredictable. Therefore, a 
comprehensive enhancement mechanism that can provide a universal increase of the 
Raman signal intensity across the entire substrate is highly desirable for biomolecule 
detection.  
In recent years, innovative approaches using guided mode resonance (GMR)
92-94
 
to enhance the already strong localized surface plasmon polaritons (LSPPs) of the 
metallic nanoparticles were demonstrated to further increase the SERS signals. However, 
this approach requires the precise placement of rationally designed metallic nanoentities 
onto the dielectric gratings, either by E-beam lithography
92
 or by the separation of 
SiO2 nanopillars. 
94
 The reason for these costly processes is that dispensing a large 
                                                          
§ Portions of this chapter have been previously published in X. Xu, K. Kim, H. Li, D. L. Fan, Advanced 
Materials, 24, 5516 (2012), X. Xu, H. Li, D. Hasan, R. Ruoff, A. X. Wang and D. L. Fan, Advanced Functional 
Materials, 23. 4332 (2013) and X. Xu, D. Hasan, L. Wang, S. Chakravarty, R. T. Chen, D. L. Fan and A. X. 
Wang, "Applied Physics Letters, 100, 191114 (2012) 
 37 
amount of metallic nanoparticles directly on top of a dielectric grating will dampen the 
resonant mode and inherently weaken the SERS EFs. Using e-beam lithography to create 
a rationally designed metallic structure with finite size, or using SiO2 nanopillars to 
spatially separate the metallic nanoparticles with the GMR grating, will balance the 
optical coupling and the energy consumption between the GMR and LSPP modes. 
In this work, and in collaboration with Prof. Alan X. Wang, we designed and 
fabricated a Si3N4 grating on a SiO2 substrate to provide a low quality (Q)-factor GMR 
enhancement of 3 ∼ 4 over a 15 nm bandwidth centered at a wavelength of 532 nm. This 
approach can effectively compensate for variations in the device fabrication and ease the 
precise requirement for the excitation wavelength because of its low sensitivity to phase 
change. To maintain a good coupling between the GMR and LSPP modes, 
SiO2 nanotubes with densely assembled silver nanoparticles are sparsely coated on the 
Si3N4 grating. Because of its small diameter of 450 nm, the SiO2 nanotubes deliver only a 
limited amount of silver nanoparticles that are closely coupled to the grating. This 
attribute minimizes the metal absorption to the GMR mode, though it still provides a 
sufficient number of “hot spots” for SERS sensing. Compared with e-beam lithography 
or glancing angle deposition patterned substrate, these plasmonic-active SiO2 nanotubes 
can be chemically synthesized in large quantities at low cost and they can be coated 
directly on the grating surface. Each individual SiO2 nanotube is an assembly of densely 
packed “hot spots”, which can provide a constant and stable enhancement in addition to 
the existing SERS effect. 
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As shown in the inset of figure 4.1, the GMR grating consists of a thin layer of 
Si3N4 grating with a thickness (t) of 300 nm, which is deposited on a SiO2 substrate. The 
grating period is P = 340 nm and the grating width is w = 185 nm. Neglecting material 
dispersion, the refractive indices of Si3N4 and SiO2 at a wavelength of 532 nm are 2.03 
and 1.461, respectively. The electric field distribution of a normal incident transverse-
magnetic (TM) wave at a wavelength of 532 nm is calculated by the rigorous coupled 
wave analysis (RCWA) method.
95
  The maximum electric field is 4-times the intensity of 
the incident light and concentrates in the upper area of the air gaps between the 
Si3N4 waveguides. 
 
Figure 4.1: Schematic of the proposed GMR grating and the simulated TM mode electric 
field distribution at the 532 nm resonant wavelength. 
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 To investigate how the resonant mode interacts with metallic LSPPs, we use the 
RF module from COMSOL 3.5a to numerically compare different SERS substrates. A 
surface normal constant wave (CW) laser with a 2  μm Gaussian width is used as the 
excitation light. The first SERS substrate is based on a GMR grating with the 
aforementioned parameters but without any metallic nanoparticles. We choose the 
maximum electric field point as the monitoring site. For the second SERS substrate, we 
use a flat Si3N4 substrate and place a silver nanoparticle dimer on top of it. The diameter 
of the silver particles is 25 nm and the gap between them is 1 nm. The maximum electric 
field is in the center of the gap. The final SERS substrate is designed by placing the same 
silver nanoparticle dimer on top of the GMR grating with the lower surface of the dimer 
aligned to the top surface of the Si3N4 waveguides. This configuration is very similar to 
our experimental setup with SiO2 nanotubes being placed on top of the GMR grating. 
However, there is a misalignment between the peak electric field positions of these two 
structures due to a geometric conflict. Again, the maximum electric field is found to be in 
the gap of the dimer. Figure 4.2 shows the electric field enhancement (E/E0, where E0 is 
the peak electric field of the incident light) as a function of wavelength for the three 
SERS substrates. The enlarged view of the electric field distribution of the silver dimer 
on top of the GMR grating is shown in the inset. The peak EFs are found to be 35. 
 The effect of the distribution and the number of nanoparticles to SERS EFs on a 
flat substrate has previously been investigated. 
96,97
 However, the actual interactions 
between the LSPP and GMR modes and their impact to SERS EFs have not been 
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reported. Compared with nanoparticles on a flat substrate, the electric field enhancement 
of nanoparticles on the GMR grating is more complex. On one hand, having more 
plasmonic nanoparticles on the grating not only creates more “hot spots”, it also enhances 
the LSPPs due to the near field coupled plasmon resonance of the chain,
98
 which results 
in the enhancement of the total Raman signal. However, plasmonic nanoparticles can 
absorb photon energy and dampen the coupling between the LSPP and GMR modes, 
which is detrimental to SERS signals.  
 
Figure 4.2: Electric field enhancement of different SERS substrate at wavelengths 
ranging from 500–600 nm. 
We quantitatively investigated interactions between these two optical modes via 
numerical simulation, which can guide our experimental approach. Our simulation is 
based on a simplified model of one-dimensional silver nanoparticle chains assembled on 
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the surface of the GMR grating, and the SERS EF is calculated based on the well-known 
electromagnetic model presented in Section 1.3.1; i.e., the SERS enhancement is 
proportional to |E|
4
.  We need to consider two extreme cases for the actual SERS 
measurement. In the first case, the molecule concentration is extremely low such that 
there is only one molecule and multiple hot spots within the laser spot. Hence, the SERS 
EFs are determined by the electric field in a single hot spot, assuming that the molecule 
can be trapped within that specific gap. In the second case, the molecule concentration is 
relatively high such that there are multiple hot spots and each hot spot has attracted one 
molecule within the laser spot. Therefore, the total SERS signals are determined by ∑|Ei|
4
, 
where Ei is the electric field in each hot spot. Assuming that the Raman signals from 
every hot spot can be collected, the total Raman signals are actually being used to 
evaluate the SERS substrate. We plot both the peak electric field in the gap 
(corresponding to the first case) and the total Raman signals (corresponding to the second 
case) with respect to the number of silver nanoparticles [figure 4.3], which indicates that 
there is an optimal number of silver nanoparticles that can provide the strongest SERS 
signals. We can see that as the number of nanoparticles increases from 1 to the optimal 
number (for maximum electric field, the optimal number is 6; and for maximum Raman 
signals, the optimal number is 7), both the peak electric field and the total Raman signals 
increase. For example, E/E0 increases from 35 for a dimer with 2 silver nanoparticles to 
80 for an array with 6 silver nanoparticles. One key point here is that the electric field 
distribution is not uniform in the gaps of the nanoparticle chain. The central gap 
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possesses a higher electric field than the edged gaps, as the top inset of figure 4.3 shows. 
The results from this simulation agree with those for silver nanoparticles in free 
space.
98
  The addition of more nanoparticles will create more hot spots, and the total 
SERS signals will increase faster than |E|
 4
. However, after reaching the optimal number 
of 6, the electric field begins to decrease. Although the number of hot spots continues to 
increase, the total Raman signals quickly begins to diminish, as it is proportional to |E|
4
. 
 
 
Figure 4.3: Total Raman signals and peak electric field in the gap as a function of the 
number of silver nanoparticles. 
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 Two major fabrication steps are required for the design of SERS substrates. The 
SiO2 nanotubes with densely assembled silver nanoparticles are fabricated via rational 
chemical synthesis and the process is briefly discussed here. First, silver nanowires with 
controlled diameters and lengths are fabricated via electro-deposition into nanoporous 
templates.
63
  Second, the nanowires are used as templates for the synthesis of 
SiO2 nanotubes. Then, a layer of SiO2 with controlled thickness is uniformly coated on 
the outside surface of the nanowires. Next, the silver segments are selectively etched by 
nitric acid (8 M), resulting in hollow SiO2 nanotubes. Finally, a large amount of silver 
nanoparticles are uniformly synthesized on the entire surface of the SiO2 nanotubes with 
controlled sizes and gaps for SERS sensing. These nanotubes have been visualized by 
SEM. High-density silver nanoparticles are found to be uniformly coated on the outer 
surface of the nanotubes, as shown in figure 4.4(a). The SiO2 nanotubes have average 
diameters of 450 nm and lengths of 8  μm. The silver nanoparticles are semi-spherical 
with diameters of 24.9 ± 7.7 nm, and the mean gap sizes between the neighboring 
nanoparticles are controlled to be less than 1 nm. Although the nanoparticles are densely 
arranged, overlap among them is rarely found. As a result, the entire surface of the 
nanotubes is active for SERS sensing due to the large number of “hot spots” from the 
densely arranged silver nanoparticles. In the next step, we fabricated the GMR 
Si3N4 grating by e-beam lithography and ion etching. A 300 nm silicon nitride layer is 
grown by low-pressure chemical vapor deposition (LPCVD) on a 1.5  μm field silicon 
oxide layer on top of a silicon wafer. The pattern of the GMR grating is written by e-
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beam photolithography. Then, a 20 nm thick nickel layer is deposited by evaporation, 
followed by a lift-off process. The nickel pattern is used as a hard mask to etch the nitride 
layer to the buried oxide by reactive ion etching (RIE). Finally, the nickel residue is 
removed by chemical wet etching. Figure 4.4(b) shows the SEM picture of the fabricated 
Si3N4 grating. 
 
Figure 4.4: (a) SEM picture of the plasmonic-active SiO2 nanotubes with densely 
assembled silver nanoparticles. (b) SEM picture of the Si3N4 GMR grating. 
 R6G, a standard SERS characterization dye, is selected as the detection probe. In 
the first experiment, we only use the GMR grating (without any plasmonic nanotubes) to 
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evaluate the grating effect. The R6G molecules are dispersed in ethanol with a very high 
concentration of 5 mM. A confocal Raman microscope equipped with a 532 nm laser is 
used for the Raman spectroscopic measurements. The integration time is set to 1 s. 
Raman signals of 5 mM R6G from the flat Si3N4 substrate (blue) and the Si3N4 GMR 
grating (green) are plotted in figure 4.5. Although the measured Raman spectra possess a 
great deal of noise due to the extremely weak signals, the peak Raman shift at 
1370 cm −1 is enhanced by 3.2 times, which clearly demonstrates the electric field 
enhancement of the GMR grating. 
 
Figure 4.5: Measured 5 mM R6G Raman spectra from the flat Si3N4 substrate and from 
the Si3N4 GMR grating (with no plasmonic nanotubes in both cases). 
In the second experiment, we included the plasmonic-active SiO2 nanotubes for 
SERS characterization. The R6G concentration is reduced to 1  μM, which can still form 
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a monolayer that can trap molecules in every hot spot. The laser spot size is 2  μm, which 
can be focused on any specific position of a single nanotube along its longitudinal 
direction. Within the laser spots, there are approximated 1000 hot spots that can 
contribute to Raman sensing. In each measurement, there is only one plasmonic-active 
SiO2 nanotube within range of the laser spot. Figure 4.5 shows the measured 1  μM R6G 
SERS signals from a SiO2 nanotube on the flat Si3N4 substrate (blue) and from a 
SiO2 nanotube on the Si3N4 GMR grating (green), respectively. The inset of figure 
4.5 shows the 1000× optical microscope image of the Si3N4 grating with sparsely 
dispersed plasmonic-active SiO2 nanotubes. For various signature Raman shift peaks 
between 500/cm 
−1
 to 1800/cm 
−1
, the absolute intensity of the Raman signals is 
simultaneously enhanced by 8 ∼ 10 times. Because GMR grating increases the local 
electric field of the excitation light, it is not surprising to find that the noise signals that 
contain fluorescence and Raman spectra of various trace chemicals also increase with the 
electric field,
76
  and are thus amplified. Here, we note that the noise from fluorescence is 
proportional to E
2
 and that the noise from Raman signals is approximately proportional 
to E
4
. As a result, both Raman signals from R6G and their noise can be enhanced by the 
GMR grating. Additionally, our characterization shows that EFs are constant and stable 
across the whole surface of the plasmonic-active SiO2 nanotube. The absolute SERS EFs 
from the combined GMR grating and SiO2 nanotubes are largely determined by the 
plasmonic enhancement from the nanoparticles, which can be tuned by their diameters 
and gap sizes, because the LSPPs can provide a much stronger electric field enhancement 
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than the GMR grating. The interesting phenomenon we observe here is that the GMR 
grating can provide 3.2× EFs on a pure dielectric substrate [figure 5.5], whereas 
8 ∼ 10× SERS EFs with plasmonic nanotubes is observed [figure 4.6]. This difference is 
possibly due to the measurement errors of extremely weak Raman signals without 
plasmonic nanotubes. 
 
Figure 4.6: Measured 1 μM R6G Raman spectra from the silica nanotube on the flat 
Si3N4 substrate and from the silica nanotube on the GMR grating. 
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 In summary, we have numerically investigated and experimentally demonstrated 
a SERS substrate composed of Si3N4 GMR grating with plasmonic-active SiO2 nanotubes, 
where densely grown silver nanoparticles provide a large number of “hot spots” for 
SERS sensing. Such rationally designed SiO2 nanotubes can deliver an optimal amount of 
metallic nanoparticles to the Si3N4 grating to achieve sufficient LSPPs without 
significantly dampening the GMR modes. Experimental measurement of R6G confirms 
that the SERS substrate can provide constant and stable EFs of 8 ∼ 10 across the entire 
nanotube surface, in addition to the existing SERS effect. As a new enhancement 
mechanism to SERS technology, the GMR grating coupled with surface plasmonic 
resonance (SPR)-active nanotubes demonstrated herein proves that resonant photonic 
devices can indeed serve as an effective substrate to increase the sensitivity of Raman 
spectroscopy. Such highly sensitive SERS substrates will have significant potential in 
early disease diagnostics, chemical detection and environmental protection.    
4.2 NEAR-FIELD ENHANCEMENT 
In addition to the mechanism of enhancement from nanophotonic devices, the 
SERS EF of the nanocapsules can also be enhanced by the near-field effect. In the 
following study, we designed a hollow plasmonic magnetic nanotube structure, which has 
Ag nanoparticles coated on both the inner and outer surfaces. Through detailed SERS 
characterization and theoretical simulation, it was found that an additional >2 times 
SERS enhancement factor can be achieved, which is mainly attributed to the near-field 
effect between the inner and outer layer Ag nanoparticles and the additional hotspots. 
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4.2.1 Experimental results 
To fabricate such plasmonic magnetic nanotube structures, a rationally designed 
four-step approach has been used: (1) multi-segment Ag/Ni/Ag (3/3/3 µm) nanowires 
were electrodeposited as growth templates for silica nanotubes (Scheme 4.1(a) & Figure 
4.7a); (2) a layer of silica, with controlled thickness of 70 nm, was uniformly plated on 
the outer surface of the Ag/Ni/Ag nanowires (Scheme 4.1(b)) via hydrolysis of tetraethyl 
orthosilicate
26,67,68
; (3)  the Ag segments were selectively etched, resulting in the hollow 
silica nanotubes with magnetic Ni embedment (Scheme 4.1c & Figure 4.7(b)); and (4)  
plasmonic Ag NPs were uniformly coated through PVP-assisted catalysis
99
 on the inner 
and outer surfaces of the nanotubes with optimized particles and junction sizes (Scheme 
4.1d & Figure 4.7(c)). 
Scanning electron microscopy (SEM) images show that hollow nanotubes with 
embedded cylindrical solid segments were successfully synthesized (figure 4.7). Energy 
dispersive X-Ray spectroscopy (EDS) confirmed that the cylindrical solid was Ni (figure 
4.8). Arrays of Ag NPs were uniformly distributed over the entire outer surface of the 
nanotubes. The Ag NPs also grew on the interior surfaces of the nanotubes as shown in 
the SEM images (figure 4.7 (c)) obtained by cross-sectional focused ion beam (FIB) 
milling (figure 4.7d). The Ag NPs were semi-spherical and densely arranged, yet 
overlapping NPs were rarely found. 
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Scheme 4.1: Schematic of the fabrication process of the PM nanotubes. (a) 
Electrodeposition of Ag/Ni/Ag nanowires. (b) Silica shells coating. (b) 
Etching of the Ag segment to obtain hollow nanotubes with solid Ni 
embedment. (d) Synthesis of Ag NPs on both the inner and outer 
surfaces of nanotubes. (Inserts are cross-sectional views of (i) the hollow 
segment and (ii) the Ni embedded segment of the PM nanotubes.) 
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Figure 4.7: Scanning electron microscopy images of (a) multisegment Ag/Ni/Ag 
nanowires, (b) silica nanotubes embedded with Ni nanomagnets, (c) silica 
nanotubes with Ni segments and surface-coated Ag NPs, and (d) cross-
sectional images of nanotubes obtained by FIB milling show the nanotubes 
are hollow with Ag NPs on both the inner and outer surfaces. 
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Figure 4.8 (a) EDS shows the ends of the nanotubes consist of Ag and silica. (b) EDS 
shows the center portion of the nanotubes consists of Ni, Ag and silica.  
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Notably, we found that Ag NPs not only grew on the outer surface of the nanotube, 
but also on the interior surface of the nanotube, as shown in the SEM images of cross-
sections obtained by FIB milling (figure 4.7d). Therefore, there were double-layered Ag 
NPs on the hollow parts of the PM nanotubes and single-layered Ag NPs on the solid part 
of the nanotubes (scheme 4.1 insert). Because of the difficulties associated with 
characterization, we cannot directly measure the size and distribution of the inner layer 
Ag NPs. However, the effect of the inner surface coating of Ag NPs can be known from 
SERS measurements. When a laser beam is scanned along a single nanotube with a 70 
nm thick silica coating, the hollow segments of the nanotubes with double-layer Ag NPs 
exhibited more than two times the SERS intensity than those from single-layer Ag NPs 
on the outer surface of the Ni embedded section of nanotubes (figure 4.9(a)). Similar 
results were also observed when we replaced the Ni segment with Pt (figure 4.9(b)).  
 
Figure 4.9: (a) Ni embedded and (b) Pt embedded hollow nanotubes. 
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The experimental details are as following: 
A Raman microscope equipped with a high precision motorized stage (resolution: 
50 nm) was used for SERS characterization. A 532 nm laser was employed as the Raman 
excitation source. In the Raman experiments, we first dispersed the nanotube samples on 
a glass slide, dried and incubated them in 1 mM BPE (ethanol solution) for 10 min, 
before rinsing them with pure ethanol to remove excess molecules.  
The laser was then focused on one end of a nanotube with a spot size of 1 µm and 
scanned slowly from one end of the nanotube to the other, during which time Raman 
signals were simultaneously collected by a spectrometer coupled to the microscope. The 
step size of the laser was set at 100 nm for a high spatial resolution. The integration time 
of the Raman spectrum was 0.6 seconds. Using this approach, a series of SERS spectra 
along a nanotube could be readily obtained. We plotted the peak intensity of the Raman 
signal of BPE at 1200 cm
-1
 as a function of the scanning distance on the nanotubes 
[figure 4.9]. The results clearly indicate that the Raman signals received more than two 
times enhancement from the dual-sided Ag NPs on the hollow sections of nanotube (i.e., 
on the two ends) than from the single-sided Ag NPs on the solid sections (i.e., in the 
center). 
4.2.2 Simulation and discussion 
To understand how the dual-side Ag-coated hollow nanotubes can further enhance 
SERS than the single-side Ag-coated nanotubes with solid embedment, we performed 
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numerical simulations with the RF module from COMSOL 3.5a. In our modeling, a 
three-dimensional (3-D) silica nanotube is constructed (illustrated in scheme 4.1(d) & 
inserts): the inner cylinder radius is 150 nm, and the shell thickness is 70 nm. The densely 
coated Ag NPs are simplified by a 2-D conformal array attached to the outer and inner 
surfaces of the silica nanotubes. The Ag NP diameter is 25 nm and the gap between them 
is 2 nm. The silica nanotube is placed on top of a glass substrate, and is excited by a 
surface normal Gaussian beam with a diameter of 1 μm and a wavelength of 532 nm. The 
polarization direction is perpendicular to the axis of the cylinder. Table 4.1 lists our 
simulation results corresponding to our experimentally measured devices, and Figure 4 
shows the cross-sectional views of the electric field distribution of the four devices as 
listed in table 4.1. 
Table 4.1: Simulation parameters for plasmonic magnetic nanotubes, where D is the 
particle size. 
 Outer layer Inner layer Ag NPs 
Simulation 1 Ag NPs Hollow (air) D=25 nm, gap=2 nm 
Simulation 2 Ag NPs Ag NPs D=25 nm, gap=2 nm 
Simulation 3 Ag NPs Pt D=25 nm, gap=2 nm 
Simulation 4 Ag NPs Ni D=25 nm, gap=2 nm 
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In figure 4.10(a), we find, rather surprisingly, that the hotspot with maximum 
electric field enhancement is actually at the bottom of the nanotube and not at the top. 
This is because the hotspot at the bottom of the nanotube is surrounded by high-index 
silica, whereas the other hotspots have only one side in contact with silica. (The other 
side is exposed to low-index air.) Additionally, the inter-particle coupling through the NP 
chain at the outer surface enhances the electric field at the bottom
100
. Comparing figures 
4.10(a–b), we are able to clearly deduce the contribution of the inner layer Ag NPs; 
specifically, the presence of the inner layer not only adds more hotspots for SERS 
sensing, but it also significantly increases the intensity of the hotspots in the outer layer 
NPs, which is due to the near-field effect 
101
 of inter-layer coupling between NP chains in 
the inner and outer surfaces of the nanotubes. When the air core is filled with Pt, which 
has no surface plasmonic resonance at visible wavelengths, we observed interesting 
phenomena; first, the EF of the hotspots on top of the nanotube is enhanced 
approximately 2×, which is due to the reflected light from the Pt core; second, the 
hotspots at the bottom of the nanotube are significantly reduced because almost no light 
can penetrate the Pt core to excite the surface plasmons. Moreover, the inter-particle 
coupling through the NP chain can be weakened by evanescent field absorption of Pt. 
Similar electric field enhancement is observed in Ni-filled nanotubes as well. 
If we assume there are enough molecules so that every hotspot can contribute to 
the SERS measurement, we can calculate the total SERS signals by ∑|𝐸𝑖|
4
, where Ei is 
the electric field in each hotspot. The total SERS signals of these four devices are 0.8×10
5
, 
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2.5×10
6
, 1.4×10
5
 and 1.3×10
5
 a.u., respectively. It is seen that device 2 will be able to 
provide higher SERS signals than devices 3 and 4 by more than 10×. However, in reality, 
the SERS signals from hotspots at the bottom to the nanotubes are more difficult to 
collect due to NP scattering. Experimentally, we obtained differences of more than 2× 
(figure 4.8). The comparison of single-side and dual-side Ag NP coated nanotubes is 
summarized in table 4.2. 
 
Figure 4.10: (a–d) Simulation results show the cross sectional views of the optical 
induced electric field enhancement of the four devices listed in Table 4.1. 
Moreover, we note that the thickness of silica also affects the enhancement of 
SERS. We observed a near-field enhancement effect on nanotubes with silica coating 
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ranging from 70 to 150 nm. However, when the thickness of silica was increased to 300 
nm, the near-field enhancement effect was not observed, which may be attributed to the 
reduced plasmonic coupling between Ag NPs across the silica shell. 
Table 4.2: Comparison of nanocapsule sensors with single- and dual-sided coated Ag 
NPs. 
 Single-sided Ag NPs Dual-sided Ag NPs 
Substrate for Ag NPs Silica coated solid nanowire 
segments (Ni or Pt)  
Hollow silica nanotubes 
Ag NPs coating condition Same conditions as described in the main text 
Ag NPs on the outer surface 
of silica 
Same characteristics: particle and junction size 
Ag NPs on the inner surface 
of silica 
none large arrays exist as revealed 
by FIB/SEM, the particle size 
and junction cannot be 
accurately determined  
SERS testing condition Same condition as described in the supporting information  S5 
SERS enhancement  EF=7.2×10
9
 (8× sample on the 
Ni embedded sections) 
More than two time stronger 
than that from single-sided Ag 
NPs 
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Chapter 5: Robotization of SERS Nanosensors** 
5.1 INTRODUCTION 
Robotization of nanoentities is highly desirable for biological applications, such 
as biochemical delivery, single cell sensing, and analysis. However, most of the state-of-
the-art sensors are in a passive and static fashion. In recent work, we employed the 
electric tweezers technique and magnetic field to robotize the SERS sensitive 
nanocapsules for location predicable sensing, living cell bioanalysis, and tunable 
biochemical release.  
5.2 ELECTRIC TWEEZERS 
Ordinary tweezers are a mechanical tool that can physically hold a small object 
and move it from one location to another by hand. However, holding a very small object, 
such as a nanowire, via a mechanical device is not feasible. Optical tweezers and 
magnetic tweezers have been invented in recent years to “hold” certain nanoentities. In 
the former approach, a focused laser beam holds a dielectric particle in the “waist” of the 
beam profile, while in the latter approach a magnetic field gradient holds a paramagnetic 
particle. An entity of interest (e.g., DNA) can be attached to a dielectric particle or a 
paramagnetic particle and can be held in place by the optical or the magnetic tweezers, 
                                                          
** Portions of this chapter have been previously published in X. Xu, K. Kim, H. Li, D. L. Fan, Advanced 
Materials, 24, 5516 (2012); X. Xu, H. Li, D. Hasan, R. Ruoff, A. X. Wang and D. L. Fan, Advanced Functional 
Materials, 23. 4332 (2013); Fan, D. L.; Zhu, F. Q.; Cammarata, R. C.; Chien, C. L. Nano Today, 6, 339 (2011); 
X. Xu, C. Liu, K. Kim and D .L. Fan. Advanced Functional Materials, 24, 4843 (2014) 
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respectively. As optical and magnetic tweezers hold the particle by trapping it in an 
electromagnetic field, there is no net force delivered to the particle that would cause it to 
move. Instead, a particle is “moved” by mechanically moving the stage. It would be far 
more versatile if one could “hold” and apply a force to manipulate small entities in 
suspension and, even better, perform it with no moving parts. Electric tweezers can 
accomplish this feat.  
Electric tweezers enjoy certain distinct advantages compared with their magnetic 
and optical counterparts. By suitable functionalization, a small entity in suspension can 
be made to carry either positive or negative charge to be responsive to a DC electric field. 
For electrically neutral entities, one can use an AC electric field to induce an effective 
electric dipole moment and manipulate them with the electric field gradients (EFG). 
Unlike optical and magnetic tweezers, which require extensive instrumentation, electric 
tweezers use a relatively simple approach in which voltages are applied to strategically-
designed electrodes that can produce the necessary DC and AC electric fields. Finally, 
there are no mechanically moving parts in electric tweezers except for the small entities 
being manipulated.  
Electric tweezers are based on combined DC and AC electric fields for precision 
orientation and the transport of metallic nanowires in aqueous suspension, the 
fundamentals of which have been reported elsewhere 
60,62-65,102
.  
Briefly, in a combined DC and AC electric (E) field, a longitudinal nanoparticle 
can be transported by the DC E field due to electrophoretic force and aligned by the AC 
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E field due to dielectrophoretic force. The transport and alignment of the nanoparticle can 
be controlled completely and independently by the DC and AC E fields, respectively. 
Applying the combined E fields in both the X and Y directions with controlled duration, 
longitudinal nanoparticles, such as nanowires, can be readily transported along prescribed 
trajectories on a 2-D surface with a precision of at least 150 nm. 
5.2.1 Orientation controlled transportation 
Uniform AC and DC E fields were established in a quadruple microelectrode chip 
with two pairs of parallel-electrodes separated at a distance of 500 µm. Nanocapsules 
suspended in D.I. water were dispersed at the center of the quadruple electrodes. The 
nanocapsules can be readily transported parallel [figure 5.1(a), AC//DC] or perpendicular 
to their orientations [figure 5.1(b), AC⊥DC], which is similar to earlier manipulations of 
Au nanowires
60,63,64
, by applying electric tweezers with a combined AC (15 V, 20 MHz) 
and DC voltages (−2.5V to +2.5V) on the quadruple electrodes. The transport speed 
linearly increased with the applied DC voltages for both orientations and reached 
approximately 80 μm/second at 2.5 V in vertical transport. We noticed that the Ag/Ni/Ag 
nanorod cores in the nanocapsules played a critical role in steering the transport 
orientations. After their metallic cores had been etched away,
103
 the hollow nanotubes 
were transported by a DC E field; however, the orientations of the nanotubes were 
uncontrollable by the AC E field due to weak polarization and low alignment torques of 
the insulating silica nanotubes in an AC E field [figure 5.2]. Therefore, it is essential to 
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have the metallic Ag/Ni/Ag rod in the Raman nanosensors to facilitate steering of the 
orientation.  
 
Figure 5.1: AC and DC configurations of quadruple electrodes for the manipulation of 
nanocapsules. The nanocapsules are aligned in the direction of the AC E 
field and transported in the direction of the DC E field. Nanocapsules were 
transported with controlled speed and orientation using "electric tweezers", 
(a) parallel (AC//DC) and (b) perpendicular (AC⊥DC) to their own 
alignment directions, as shown in the overlapped optical images. The 
transport speed is linearly proportional to the applied DC voltage.  
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Figure 5.2: (a) A SEM image of a hollow plasmonic nanotube. (b) Hollow nanotubes 
being transported by a DC E field. The orientations of the nanotubes could 
not be controlled by the AC E field due to weak polarization and low 
alignment torques of the insulating silica nanotubes in an AC E field. For 
example, with AC//DC, the nanotubes could not be aligned parallel to the 
moving direction. 
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5.2.2 Controlled Rotation 
 
Figure 5.3: (a–b) Four 90° phase-shifted AC voltages applied on a quadruple 
microelectrode for the rotation of nanowires.  
The electric tweezers is a versatile tool; it not only controls the orientation and 
transport of longitudinal nanoentities, it can also rotate longitudinal nanoentities.
65
 When 
four AC voltages with sequential 90° phase shifts were applied on quadruple 
microelectrodes, nanowires that were placed in the central region of the microelectrodes 
could be compelled to rotate because of the electrical interactions [Figure 5.3]. 
When a longitudinal nanoentity, such as a nanowire, in a liquid of permittivity 
m  rotates in an electric field E, the electric torque can be given as: 
2 22| |
3
e mT p E r l Im(K)E

         
where p is the induced dipole moment of a nanowire of radius r and length l, m  is the 
permittivity of the suspension medium, and Im(K) is the Clausius-Mossotti factor.  
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However, the viscous torque (Tη) received by the rotating nanowires balances the 
electric torque (Te), i.e., Tη+Te=0. The rotational speed of nanowires can be expressed as:  
)Im(
2
22
K
l
Er
C m


     
where η is the viscosity and C is a constant. 
From the above equation, we see that the rotational speed can be controlled by the 
voltage of the AC electric field with a Ω~V2 dependence. By using such a rotating 
electric field, we can readily rotate the one-dimensional SERS nanosensors for various 
applications, e.g., controlled biochemical release. The detailed study of the rotation of 
SERS nanosensor will be described in section 6.3. 
5.3 MAGNETIC FIELD MANIPULATION 
In addition to the nanotubes being plasmonically sensitive, the unique structures 
also offered tunable magnetic properties for controlled manipulation. The magnetic 
anisotropy of the Ni segment is dominated by its shape anisotropy
104-106
, as opposed to its 
weak crystalline anisotropy. When the aspect ratio of the Ni segment is high, (e.g., 10/1; 
Ni length 3 um, diameter 300 nm), the anisotropic direction and the magnetic easy axis is 
along the nanotube long axis as measured by Vibrating Sample Magnetometry (VSM) 
(figure 5.4(a)). A hysteresis loop along the magnetic easy axis demonstrates higher 
magnetic remanence and squareness than those measured perpendicular to the nanotubes. 
When the aspect ratio of the Ni segments is below 1, (e.g., a stack of thin Ni disks with 
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diameters of 300 nm and thickness of 30 nm), magnetic anisotropy is generally transverse 
to the nanotubes with essentially zero remanence due to the anti-parallel coupling of the 
magnetizations in neighboring nanodisks (figure 5.4(b)). This fascinating way of 
controlling the magnetic anisotropy has been vividly demonstrated by manipulating 
nanotubes in suspension with a magnetic field. As shown in figure 5.4, nanotubes with 
magnetic anisotropy along the long axis align with the magnetic field during transport, 
but those with transverse magnetic anisotropy align perpendicular to the magnetic field. 
The transport speed was 2–7 μm/s, which can be controlled by the magnetic field 
gradient.  
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Figure 5.4: Magnetic anisotropy can be readily tuned by the aspect ratio of magnetic Ni 
embedment as shown in the hysteresis loops for Ni with (a) high and (b) low 
aspect ratios, respectively. The overlapped images show nanotubes 
transported parallel or perpendicular to the magnetic field due to their 
unique anisotropies. The speed of nanotubes is 5–7 µm/sec. 
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Chapter 6: Applications of robotized SERS nanosensors†† 
6.1 LOCATION PREDICABLE BIOSENSING 
Different from most previous reports of SERS sensing nanostructures, our Raman 
nanocapsule sensors are designed for facile assembly at designated locations.  
Previously, seek-and-find efforts are generally required for SERS sensing devices due to 
the randomness of hotspots. These efforts have greatly hindered the development of 
SERS for realistic applications. It is highly desirable to assemble the hot-spots at specific 
locations for location-predictable biosensing. Previously, substantial efforts were exerted 
to address this problem; 
28,29,36
 however, it remains a daunting task to obtain Raman 
sensors with reliable spatial accuracy. Here, we present how the strategic design of 
nanocapsules can facilitate the rational assembly of hot-spots for location-predictable 
Raman sensing using electric tweezers, our recently invented and contactless 
nanomanipulation technique.  
As shown in Section 5.2.2, the nanocapsules can be successfully transported in 
the microelectrodes. The next task is to assemble the nanocapsules on arrays of 
nanomagnets for location predictable SERS sensing. How do we assemble these 
nanocapsules for location predicable sensing? Here, we leveraged the electric tweezers as 
                                                          
†† Portions of this chapter have been previously published in X. Xu, K. Kim, H. Li, D. L. Fan, Advanced 
Materials, 24, 5516 (2012); X. Xu, H. Li, D. Hasan, R. Ruoff, A. X. Wang and D. L. Fan, Advanced Functional 
Materials, 23. 4332 (2013); X. Xu, K. Kim, D. L. Fan. Angewandte Chemie International Edition, in press 
(2014) and K. Kim, X. Xu, J. Guo and D. L. Fan. Nature Communications, 5, 3632 (2014) 
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discussed in Section 5.2.2 and the unique magnetic Ni embedment in the Ag/Ni/Ag core 
of the nanocapsules to assemble an ordered plasmonic nanosensor array on pre-patterned 
nanomagnets, as shown in Scheme 6.1. 
 
Scheme 6.1: With the electric tweezers, nanocapsules can be transported and assembled 
onto a pre-patterned array of nanomagnets by utilizing the magnetic 
attraction force between the Ni segments in the nanocapsules and the 
magnetic layers inside the nanomagnets.  
At the center of the quadruple microelectrode, we fabricated a 3×3 nanomagnet 
array through standard e-beam lithography [figure 6.1(a)]. Each nanomagnet with a 
diameter of 1 µm actually consists of a tri-layer structure: a 6 nm Cr adhesion layer on 
the substrate, a 100 nm Ni layer providing magnetic fields, and a 100 nm Au layer for 
tuning the magnetic interaction force.   
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By programming the AC and DC E fields in both the X and Y directions, we have 
forced the nanocapsules to move along a prescribed trajectory, such as “steps”, with 
orientations either parallel [figure 6.1(b)] or perpendicular [figure 6.1(c)] to their 
transport directions. When nanocapsules were maneuvered into the vicinity of 
nanomagnets by the electric tweezers, the magnetic attraction force securely anchored the 
nanocapsules on the top of the nanomagnets. The magnetic force was between the nickel 
segments in the core of the nanocapsules and the Ni layer in the patterned nanomagnets 
on the chip. The manipulation of the nanocapsules was so versatile and precise that we 
easily maneuvered a nanocapsule to pass by a few neighboring nanomagnets and 
anchored it on a nanomagnet at the center of the array and other locations [figure 6.1(d) 
and 6.1(e)]. In this manner, we have assembled an array of nanocapsules on top of 
nanomagnets as shown in figure 6.1(f), where the bright circles indicate nanomagnets.  
Finally, from the assembled nanocapsule arrays, we successfully detected SERS 
of various chemicals, including R6G, methyl blue and BPE, and realized location 
predictable biochemical sensing by design, as shown in figure 6.2. Note that the 
probability of single-molecule detection increases with the number of hot-spots on the 
nanocapsules excited by the laser. This outcome can be readily achieved by increasing 
the size of the laser spot, by having prescribed scanning along the nanocapsules, and even 
by trapping multiple nanocapsules on a single nanomagnet. 
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Figure 6.1: Nanocapsules can be precisely transported and assembled on the nanomagnets 
with electric tweezers. (a) A 3×3 array of nanomagnets fabricated using E-
beam lithography. With combined AC and DC E fields applied in both the X 
and Y directions, the nanocapsules were transported along prescribed 
trajectories such as “stairs” with (b) parallel and (c) transverse orientations. 
(d, e) Overlapped snapshots show the assembling process of a nanocapsule, 
where the nanomagnets are highlighted in red. The nanocapsules can be 
maneuvered and positioned at designated positions, showing the high 
flexibility and precision of the assembling process. (f) An assembled 3×3 
nanocapsules array. The bright nanomagnets are in the center of the 
nanocapsules, indicating that the attachment is due to the magnetic attraction 
between the Ni segments in the center of the nanocapsules and the magnetic 
layers in the patterned magnets. All of the images were taken by reflective 
optical imaging.  
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Figure 6.2: Various chemicals were detected from assembled nanocapsules, including 
R6G, methylene blue, and BPE. 
6.2 LIVE CELL BIOANALYSIS 
Although single complex biological samples can be investigated with standard 
Raman microscopy, a detailed investigation of specific components on the cell surface is 
not possible with this approach
107
. In our work, we demonstrated the utility of the 
bifunctional nanotubes in revealing the membrane composition of a single Chinese 
Hamster Ovary (CHO) cell amidst many. We chose CHO cells because they are widely 
used in biological research, especially in studies of genetics, toxicity screening, gene 
expression, and the expression of recombinan proteins. Here, leveraging the unique 
bifunctionality of the nanotubes, we can precisely transport a nanotube to a specific living 
CHO cell amidst many and detect its membrane chemistry using SERS spectroscopy.  
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CHO cells (ATCC Inc.) were cultured in RPMI medium (Invitrogen) 
supplemented with 10% Fetal Bovine Serum and 1% penicillin-streptomycin (Invitrogen). 
The cells were maintained in a humidified 37°C, 5% CO2 incubator. Before the 
experiment was conducted, the CHO cells were washed by a phosphate buffered saline 
(PBS) solution, followed by the addition of nanotubes (dispersed in PBS). 
In the experiment, a plasmonic magnetic nanotube (SEM figure 4.7(c)) was 
transported and aligned in the direction of the magnetic field and precisely laid on the 
membrane of a CHO cell (overlapped images in figures 6.3(a–b)). From the SERS 
spectra (figure 6.3(c)), which were recorded from the nanotube with an integration time 
of 5 s, shows strong characteristic peaks of lipids
107-109
. The peak position 1511 cm
-1
 can 
be assigned to amide II, which is from protein (blue bar in figure 6.3(c)). This result 
reveals that the cell membrane in contact with the nanotube consists mostly of lipids and 
some protein molecules, which is consistent with real cell membrane composition
107
. 
Without nanotubes, no Raman signals could be detected from the cell, clearly 
demonstrating the highly desirable bifunctionality of the nanotubes for precision and 
ultrasensitive single-cell bio-analysis. This technique is generally applicable to any 
adhesive cells. It can be readily applied to hamster cells as well as to mouse or human 
cells. 
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Figure 6.3: (a, b) The transport of a nanotube to a single CHO cell amidst many cells. (c) 
SERS spectrum from the CHO cell membrane is dominated by contributions 
due to lipids. A few peaks can be assigned to protein (blue bar). 
6.3 CONTROLLED BIO-CHEMICAL RELEASE 
The great potential of nanoparticles for biosubstance delivery has intrigued 
considerable research interest because of their controllable geometry, chemistry, and 
surface functionality
110
. Various nanoentities were explored for in-vivo drug delivery and 
cancer therapy
110,46,111
. Among them, one-dimensional nanowires and nanotubes received 
special attention, whose lengths and diameters could be controlled to the scales of live 
cells and biomolecules, respectively
112
. These nanoentities were used as vehicles for 
 75 
transporting biospecies, such as cytokines
64
, peptides
113
, enzymes
114
, and genes
115
, for in-
vitro stimulation
64
. It remains a grand challenge to release biosubstances attached to 
nanoparticles in a tunable fashion, the achievement of which is expected to enable an in-
depth understanding of the fundamental sciences in drug delivery, single cell stimulation, 
and cell-cell communications
64
. 
Previously, pulsed electrical potentials were employed to release biosubstances 
from patterned microelectrodes
116,117
, demonstrating the feasibility of electrically induced 
biochemical release from nanoparticles. However, this intriguing mechanism requires 
complex lithographical patterning to electrically connect the nanoparticles. Recently, heat 
generated from optical excitation of plasmonic nanoparticles was used for releasing gene 
molecules
118
. Additionally, the vibrations induced by the radio-frequency electromagnetic 
fields have been used to enhance the rate of release of drug molecules
119
. Nevertheless, it 
remains a daunting task to tune the molecular release rate from individual nanoparticles 
with high precision and constant monitoring.   
In this research, we investigated an innovative concept of motorized nanosensors 
for tuning the release rate of biochemicals and their real-time detection via systematic 
experimentation and analytical modeling. The nanomotor sensors, with enhanced 
functionalities in both molecular sensing and actuation, were assembled from designed 
plasmonic nanoparticles and patterned nanomagnets and rotated with controlled speed 
and chirality by the electric tweezers 
61,63,65
. Both single and multiple analytes can be 
released in a tunable fashion by the mechanical rotation of nanomotors. The chemistry 
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and concentration of individual analytes were revealed simultaneously using high-speed 
micro-Raman spectroscopy. The mechanism of action was investigated and attributed to 
the convection-induced fluidic boundary layer reduction, which quantitatively agrees 
with the experimental results. To the best of our knowledge, this effect is observed in 
such a micro/nanomechanical system for the first time. This research, i.e., exploring 
robotized nanosensors by integrating SERS
120-122
 and NEMS, could inspire a new device 
paradigm for biochemical detection, cell-cell communication, and drug delivery
64,123,124
.   
The designed nanomotor sensors consist of plasmonic-sensitive nanorods as 
rotors, patterned nanomagnets as bearings, and microelectrodes as stators, as shown in 
figure 6.4(a). The nanorod rotor, which is the most critical component of a nanomotor for 
attaching and detecting biochemicals, has a tri-layer structure with a core that is 
composed of a Au/Ni/Au three-segment nanowire, a layer of silica coated on the 
nanowire core, and uniformly surface-distributed Ag nanoparticles (NPs) synthesized on 
the outer surface of silica [figure 6.4(a)]. Here, each layer of the nanorod was designed to 
serve a purpose: the metallic nanowire core can be efficiently polarized in electric fields 
for the fast transport and rotation by our recent invention—the electric tweezers61,63,65; the 
Ni-segment presented in the nanowire core assists in anchoring the nanorod on a pre-
patterned nanomagnet into a nanomotor
125
; and the mesoporous silica coating with 
densely surface-distributed Ag NPs (~1570/µm
2
) provides efficient absorption of 
molecules for their subsequent ultrasensitive Raman detection
126
. 
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Figure 6.4: (a) Schematic diagram of a rotating nanomotor releasing molecules. (b) 
Scanning electron microscopy (SEM) images of plasmonic nanorods made 
of a three-layer structure with a Au-Ni-Au nanowire as the core, a silica 
coating, and a dense layer of Ag nanoparticles on the outer surface of silica. 
(c) A higher magnification SEM image shows the dense Ag nanoparticles 
grown on the silica. (d) Raman mapping of 1 µM R6G dispersed on a 
plasmonic nanorod showing essentially uniform SERS intensity on the 
surface of the nanorod.  
Three steps were taken to fabricate the nanorotors. Briefly, the multi-segment 
Au/Ni/Au nanowires (300 nm in diameter) were synthesized by electrodeposition into 
nanoporous templates
63,127
 before a 70 nm thick silica layer was coated on the outer 
surface of the nanowires via the hydrolysis of tetraethyl orthosilicate
67,68
. Next, a large 
 78 
array of Ag NPs were synthesized uniformly on the surface of silica in a mixture of silver 
nitrite and ammonia via catalysis of polyvinylpyrrolidone (PVP) for 7 hours at 70°C
[21]
. 
Finally, the as-synthesized nanowire rotors were sonicated, centrifuged and washed 
before being re-dispersed in deionized (D.I.) water. Additional experimental details are 
provided in the Supporting Information.    
SEM confirmed the successful synthesis of the tri-layered nanorod rotors, as 
shown in figures 6.4 (b–c). The Ag NPs, which can been seen to be densely distributed 
on the nanorod surface, were semi-spherical with an average diameter of ~25.26.4 nm 
and density of ~1570/µm
2
. If we consider that the NP junctions are less than 2 nm as the 
plasmonic hotspots, where the Raman signals of molecules can be substantially enhanced 
because of ultrahigh electric fields generated by the coherence oscillation of conduction-
band electrons
128
, we find that the density of hotspots can be as high as ~1300/µm
2
. 
These hotspots distributed along the nanorods are essentially uniform as shown in the 
Raman mapping of R6G molecules (figure 6.4(d)), 1 µM R6G incubated with the 
nanorods for 2 hrs before being dried). Here, the Raman image was obtained from a 
single plasmonic nanorod using a confocal Raman microscope exciting at 532 nm with a 
step size of 250 nm and a spot size of ~1 µm. The integration time of each spectrum was 
set at 0.5 s. The Raman enhancement factor of such nanorods can be estimated to be 
~10
10
 following a method reported previously
49,51
, which is one of the highest recorded 
among such state-of-the-art devices
72,129
. 
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Figure 6.5: (a–e) Raman intensity (ISERS) as a function of the concentration of NB (532 
nm/632.8 nm laser excitation) and R6G (632 nm excitation). (f) Time-
dependent detection of NB molecules (50 nM) adsorbing on a plasmonic 
nanorod. 
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The strong Raman enhancement and high density of hotspots on the nanorods are 
pivotal for ultrasensitive SERS detection. Using these nanorods, we can readily 
determine both the chemistry and concentration of multiple molecules simultaneously 
with Raman spectroscopy; nile blue (NB) and R6G, two commonly used SERS probes, 
were employed for this demonstration purpose due to their large Raman scattering cross-
sections and wide biological applications
73
.  
The plasmonic nanorods were incubated in a series of NB solutions with 
concentrations from 5 nM to 340 nM for 30 min before detection with Raman 
spectroscopy. The Raman peak intensity at 595 cm
-1
 as function of NB concentration was 
plotted and fit with polynomial functions. The same method was employed to determine 
the relation between Raman intensity and concentration of NB or R6G in mixed solutions 
with a laser excitation at 632.8 nm. Five to eight plasmonic nanorods were examined for 
each concentration. Generally, the Raman intensity agrees among different plasmonic 
nanorods, with an average standard deviation of 24%, which could be largely due to the 
geometrical variation of the nanorods (i.e., diameter 10%, length 10%). 
It was shown that the Raman intensity monotonically increased with the 
concentration of NB (or R6G) [figure 6.5(a–e)], from which, one can quantitatively 
determine the concentrations of the analytes. Note that we measured multiple nanorods to 
obtain the average Raman intensity for each concentration. The detection is highly 
sensitive such that the time-dependent absorption of biomolecules (e.g., NB, 50 nM) to 
the surface of the plasmonic nanorods can be monitored, which shows a monotonic 
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increase before reaching a saturation plateau at ~70 s [figure 6.5(f)]. For the absorption 
experiment, the plasmonic nanorods were fixed onto a glass slide by dispensing a small 
droplet of the nanorod suspension and drying it in air. Then, a PDMS film with a small 
well was attached to the glass slide and the sample was set in the Raman detection system. 
The laser beam was adjusted to a size of ~30 µm and focused on a nanorod on the 
substrate. The collection of the Raman spectra was initiated prior to the addition of a NB 
solution of 50 nM in the PDMS well. The Raman spectra were collected continuously, 
each with an integration time of 2 s.  
More importantly, the structure of the plasmonic nanorods was carefully designed 
for a unique functionality—the activation of the plasmonic sensors into NEMS motors. 
The nanomotors consist of the plasmonic nanorods serving as rotors and the patterned 
nanomagnets as bearings (a thin-film stack of Au (100 nm)/Ni (80 nm)/Cr (6 nm), 1 µm 
in diameter) [figure 6.4(a)]. To assemble such nanomotors, we employed electric 
tweezers, which is a recently developed nanomanipulation technique that can align and 
transport non-spherical nanoentities with a precision of at least 300 nm
60,63
. The 
randomly suspended plasmonic nanorods were manipulated in both the X and Y 
directions. The transport velocity increased linearly with the applied DC voltages [figure 
6.6(a)]. When the nanorods were in the vicinity of the nanomagnets, they were swiftly 
attracted to and assembled on the nanomagnets because of magnetic attraction. Then, a 
rotating electric field was generated by four AC electric voltages with sequential 90° 
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phase-shift applied to the quadruple microelectrodes, which compelled the plasmonic 
nanomotors to rotate [figure 6.4(a), figure 6.6(b)].  
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Figure 6.6: (a) The transport speed of the plasmonic nanorod increases with the applied 
DC voltages. (b, c) The rotational speed of nanomotors increases linearly 
with V
2
 (20 kHz), (d) and it depends on the applied AC frequency (15 V). (e) 
Snapshots (every 1/6 second) of a rotating nanomotor functionalized with an 
NB imaged in the Raman mode. Note that the objective of the inverted 
microscope is underneath the rotating nanomotor. Thus, the Raman image of 
the middle portion of the plasmonic nanorotor is shadowed by the magnetic 
bearing. (Scale bar: 10 µm) 
The rotation is a result of the induced electric torque (Te) generated from the 
interactions between the polarized nanorod and the external AC electric field
65,130,131
 as 
described in Section 5.2.2, where Te ~ E
2
. The E
2
 dependence of the rotational speed (ω) 
accounts for its V
2
 dependence in figure 6.6(c). In addition to the applied voltage, the 
speed of the plasmonic nanomotors can also be optimized by the applied AC frequency, 
where the highest value obtained at 50 kHz in the range of 10 to 100 kHz [figure 6.6(d)]. 
As a result, the functional nanoentities and nanomotors can be successfully synthesized, 
assembled, and actuated with high sensitivity for biochemical detection and control in 
mechanical rotation.  
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Figure 6.7: Tunable release of biochemicals by the mechanical rotation of nanomotors. (a) 
Concentration of NB versus time at different rotational speeds. Inset: the 
rate of release monotonically increases with the rotational speed with a 
power-law dependence of 0.51. (b) Representative Raman spectra of R6G 
every 1 min at each rotational speed. (c) Tunable release of bi-analytes (i.e., 
NB and R6G) by the rotational speed. (d) Representative Raman spectra 
showing both analytes at different rotational speeds at every 1 min. (e) The 
release rates of both analytes of NB and R6G monotonically increase with 
the rotational speed with power-law dependencies of 0.52 and 0.53, 
respectively. (f) Schematic diagram of the model of the diffusion boundary 
layer next to the surface of the nanomotors. (Blue spheres: biochemical 
molecules; White spheres: Ag NPs) 
Next, we investigated the applications of nanomotors for tuning the biochemical 
release and their associated mechanisms. Both the releases of single (NB) and multiplex 
biochemicals (i.e., mixtures of NB and R6G) were examined. The nanomotors were 
functionalized with NB (340 nM) or the mixture of NB (50 nM) and R6G (100 µM) by 
incubation in the respective solutions for 30 min (20 µl) before an aliquot of a 2 µl 
suspension solution was re-dispersed in an abundance of D. I. water (2 ml). Immediately 
after the dispersion, the nanorods were quickly assembled into nanomotors and rotated. 
The distribution of molecules according to their Raman signals on the surface of the 
nanomotors can be directly imaged and videotaped by the ultrasensitive high-speed CCD 
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camera at a frame rate of 24 f/s [figure 6.6(e)]. In the study of the molecular release of 
NB, the rotational speed of the nanomotors was precisely controlled from 195 rpm to 75 
rpm at 17 to 10 V. The molecular release rate from the surface of the rotating nanorods 
was monitored and recorded simultaneously using a high-speed Raman spectroscope 
operating at 0.5 spectrum/s [figures 6.7(a–b)].  
It was found that, regardless of the rotational speed or the molecular species, the 
concentration of the molecules measured with the Raman spectra decreased 
monotonically with time. Note that only those molecules attached to the nanomotors can 
be detected, due to the significant plasmonic enhancement from the Ag NPs. Additionally, 
the molecular concentration on the surface of nanomotors was much higher than that in 
the bulk solution. Consequently, a net molecular mass flow can be established from the 
nanomotors to the bulk solution, which is consistent with the monotonic concentration 
decrease observed in Raman spectroscopy.  
This phenomenon can be modeled using the Nernst diffusion-layer theory, which 
is widely used to rationalize phenomena involving solid-liquid interfaces
132
. According to 
this theory, a stationary liquid layer is formed with a thickness of λ at the interface of a 
solid surface and a suspension medium. Within such a stationary layer, the transport of 
mass, such as molecules or ions, between the solid surface and bulk liquid can occur only 
by passive diffusion in the direction of the chemical gradient. Out of such a region, liquid 
convection dominates, which can actively pump molecules to the outer boundary of the 
stationary layer. If the concentration of the analyte at the layer boundary is approximated 
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to be same as that in the bulk solution, then a static concentration gradient can be 
established across this stationary diffusion layer, as shown in figure 6.7(f). According to 
Fick’s diffusion laws, the time dependence concentration of molecules on the surface of 
nanomotors (C) can be calculated as:  
𝐶 = 𝐶′ ∙ 𝑒−𝑘𝑡 + 𝐶0    (1) 
where 𝐶′ = 𝐶1 − 𝐶0, 𝐶1 is the initial concentrations of NB on the surface of nanomotors, 
C0 is the concentration of NB in the bulk solution,  and k  (with a unit of 1/s) is the 
molecule release rate. The value of k is proportional to 𝐷/𝜆, where D is the diffusion 
coefficient of the NB molecules. From Eq. (1), we can readily determine the rate of 
molecule release when the nanomotors were rotated at different speeds (ω). Here, at each 
rotational speed, the data were fit according to Eq. (1) using the Origin software package 
with the initial C1 values given as the as-measured values [figure f.7(a)]. Notably, the 
molecule release rate (k) monotonically increases with the rotational speed with a power-
law dependence of k ~ ω0.51 [figure 6.7(a) inset). How can the mechanical rotation of 
nanomotors tune the rate of molecule release? We attribute the mechanism to the 
reduction of the stationary diffusion layer as a result of liquid convection due to the 
rotation of nanomotors. This phenomenon is described by the classical boundary layer 
theory
33
. According to this theory, a flow with a speed of v passing over a flat surface can 
result in the thinning of the stationary layer next to the solid surface due to fluidic 
convection promoted by the flow. The thickness of the stationary layer follows the 
relation of 𝜆~𝑅𝑒
−0.5 ~𝑣−0.5.133 Given the molecular release rate of k~ 𝐷/𝜆~ 1/𝜆 and 
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that the fluidic velocity (v) is proportional to the rotational speed (ω) of the nanomotors 
(v~ ω), it can be readily shown that 𝑘~√𝜔, which quantitatively agrees with our 
experimental observation of k ~ ω0.51 (figure 6.7(a) inset). Moreover, we note that the 
theory for the rotating disk electrode (RDE) system, which has been studied extensively 
in electrochemistry
132
, further supports our understanding, which is that the transport of 
ionic masses to a rotating disk electrode increases with the rotational speed of the 
electrode with a power-law dependence of 0.5 
132,134,135
. 
 
Figure 6.8: The release rate (k) remains a constant (of 0.002 /s) when the AC E-field was 
alternatively switched “on” and “off”.  
It is also important to determine whether the applied AC electric (E) fields could 
directly alter the molecule release rate
131
. A control experiment was performed on a 
stationary nanorotor functionalized with NB molecules. The AC E-fields (17 V, 20 kHz) 
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were turned on and off alternately multiple times while the molecular release was 
monitored. The molecular release rate remained unchanged when the E-field was 
modulated, which suggests that the AC E-field has a negligible effect on the molecule 
release rate (figure 6.8). This experiment was repeated several times to confirm this 
observation.   
The next question is whether the above mechanism is applicable to the release of 
multiplex biochemicals? To address this question, we functionalized the nanomotors with 
a mixture of NB and R6G, rotated the nanomotors from 240 to 130 rpm at 18 to 14 V, 50 
kHz, and collected the time-dependent Raman signals of both analytes. As each type of 
molecule possesses a unique Raman spectrum, the chemistry, as well as the concentration 
of each analyte on the surface of nanomotors, can be determined simultaneously (figures 
6.7(c–d)). By employing the same fitting procedure used for the single chemical release, 
we determined the release rate (k) of each biochemical at different rotational speed (ω). 
Both analytes showed demonstrated linear increment with ω with a power-law 
dependence of 0.52 and 0.53 for NB and R6G, respectively (figure 6.7(a)). The results 
demonstrated that the release of multiplex biochemicals has the dependence of 𝑘~ω0.5, 
which is the same found for single analyte release and suggests that the aforementioned 
model used to rationalize single molecule release can be applied to multiplex release.  
Moreover, we note that the release rate of NB (k: 0.0076 ~ 0.0123 s
-1
) in the multiplex 
release system is consistently higher than that obtained as a single analyte (k: 
0.0017~0.0044 s
-1
). This outcome can be attributed to the higher concentration and 
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release rate of R6G molecules in the multiplex sample, where the dominating R6G could 
assist the detachment of NB molecules from the nanomotors during its own release and 
thus increase the release rate of NB. Here, a much higher concentration of R6G is 
necessary in the mixed sample (R6G:~20 µM, NB:~ a few nM) to obtain signals from 
both molecules on a similar level, which could be due to the much poorer attachment of 
R6G to Ag NPs than NB.  
In summary, we investigated a new mechanism for tuning the release rate of 
biochemicals from the surface of nanoparticles via controlled mechanical rotation. The 
investigation was conducted with both experimentation and analytic modeling. We 
synthesized, assembled and rotated surface-enhanced plasmonic nanomotor sensors in 
this study. The kinetics of molecule release from the nanomotors was monitored by high-
speed Raman spectroscopy. Both single and multiple analytes can be released at desirable 
rates by controlling the rotational speeds of the nanomotors. The release rate shows a 
power-law dependence of approximately 0.5 with the rotational speed. The release 
mechanism can be attributed to the convection-induced thickness reduction of the 
diffusion layer, which agrees quantitatively with the experimental results. To the best of 
our knowledge, this effect has been observed with micro/nanoscale devices for the first 
time in the present work. The nanomotor sensors could be useful for tuning the release 
rate of biosignals relevant to single-cell stimulation, cell-cell communication, and drug 
delivery. This research could also inspire a new device scheme of robotized nanosensors.  
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Chapter 7: Conclusion 
In conclusion, we rationally designed and synthesized ultrasensitive SERS 
sensitive nanoparticles as motorized nanosensors. Two enhancement mechanisms were 
investigated by both numerical simulation and experimental testing. The nanomotor 
sensors were innovatively applied for location predicable biochemical detection, single-
cell bioanalysis, and controllable biochemical release and real-time detection. This work, 
exploring robotized nanosensors by integrating SERS and NEMS, could inspire a new 
device scheme for biochemical detection, cell-cell communication, and drug delivery.  
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